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A b s t r a c t
The effect of thermal aging in air on a Nextel™ 720 aluminosilicate fibre reinforced 
alumina matrix material (N7 2 O/AI2O3) has been investigated. Samples were aged at 
1100°C for up to 4000 hours as well as for 200 hours at 1100°C, 1200°C, 1300°C, 1400°C 
and 1480°C. On completion of the thermal aging treatments, the microstructures of the 
samples were characterised, principally using scanning and transmission electron 
microscopy. The mechanical properties of the material, flexural strength, Young’s 
modulus and relative toughness, after aging were investigated using three point flexural 
testing.
The as-received material was found to contain many voids and a large quantity of cracking 
that are believed to arise from in-complete matrix infiltration and green body production, 
respectively, during manufacture. It was found that the material does not meet the original 
proposed design criteria for this class of material. Initial results indicate that the 1100°C 
thermal aging treatment for up to 2 0 0 0  hours has no detectable effect on the microstructure 
or properties of the material. After aging at 1100°C for 4000 horns, changes were detected 
in the material suggesting that prolonged thermal exposure of the material does have an 
effect on its properties, specifically a reduction in sample thickness indicating that the 
matrix may have densified slightly and a small increase in modulus and loss of aluminium 
from the fibre.
In contrast, much shorter exposures to higher temperatures lead to significant changes to 
the microstructure, principally in terms of the reduction in porosity and grain growth in the 
matrix regions and an embrittlement of the material from an aging temperature of 1300°C, 
such that the material behaved as a monolithic ceramic after aging at 1480°C. Aging at 
1200°C and above was found to cause a progressive decrease in the material thickness 
indicating a densification of the material. The fibre architecture was found to restrict 
densification in the plane of the fibre reinforcement. The mechanical properties of the 
material aged for 200 horns at 1200°C appear unaffected by the thermal aging. The aging 
of material at 1300°C was found to increase the Young’s modulus to a maximum value 
after aging at 1400°C. Aging at 1480°C appeared to cause a slight decrease in the Young’s 
modulus of the material. Aging of the material at 1300°C and above was found to cause a 
continuing reduction in the flexural strength of the material until a minimum value was 
reached after aging at 1480°C. A change in the microstructure of the fibre was initially 
observed after aging at 1300°C and was more pronounced after aging at 1400°C and 
1480°C. A progressive growth of elongated alumina grains in the fibres was observed to 
occur as the meta-stable aluminium-rich mullite transformed to a silicon-rich mullite within 
the fibre. After aging at 1480°C the fibre was also observed to contain significant 
quantities of porosity. Furthermore, the fibre reinforcement appears to have lost 
aluminium, possibly to the matrix.
The results of this investigation have found that the material is stable for aging periods of 
2000 hours at 1100°C and for up to 200 hours at 1200°C. Whilst aging regimes of over 
2000 hours at 1100°C may be acceptable, evidence has been found to suggest that the 
material is changing.
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I n t r o d u c t io n
Chapter 1: Introduction
1.1. PROJECT BACKGROUND
Engineering ceramics represent a small but important class of materials due to their 
chemical inertness, high modulus, high hardness and ability to operate at significantly 
elevated temperatures. However, the rather limited use of engineering ceramics in 
critical applications is a result of the inherent brittleness and catastrophic mechanism 
of failure of this class of material. These limitations are manifested physically by the 
material possessing a relatively low fracture toughness, Kic, when compared with 
other materials.
In general, monolithic ceramic materials fail when one defect, know as the critical 
defect, is loaded to such an extent that it propagates catastrophically. The fracture 
strength, Of, is related to the critical flaw size, a, via Kic in the following way
<y r oc
ci-i)
'  a112
By considering the above equation, it is apparent that the strength of the material can 
be improved either by increasing the fracture toughness of the material, or by 
reducing the flaw size. Reduction of the pre-existing flaw size is achieved through 
optimisation of the processing to which the material is subjected. The material will 
fail at a higher stress, but still in a catastrophic manner. The alternative is to create a 
composite material which will possess a higher toughness than the original material. 
This has the added advantage that other failure modes may be generated and failure 
may not be in a catastrophic manner.
Within the field of structural ceramics, research has been focussed on developing 
ceramic matrix composites (CMCs) as materials that are more damage tolerant.
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Advances in the field of CMCs have been dependent upon finding appropriate 
material combinations that are compatible, both chemically and in terms of desired 
performance. Therefore, although suitable ceramic matrix materials have been known 
for a long time, e.g. silicon nitride, silicon carbide, alumina and more recently mullite, 
it has been the reinforcing phase that has created the greatest challenge to research 
within this field. Currently, there is a large selection of different types of 
reinforcement available for use in CMCs. These can be divided into two broad 
categories: discrete (e.g. particle, plates and whiskers) and continuous (fibrous) 
reinforcements.
Research into particulate and platelet reinforced ceramic materials has progressed at a 
greater rate than in fibrous reinforced materials because of the simpler processing 
techniques required and the slower development of ceramic fibre technology. There 
are, however, a number of benefits to be gained by using fibrous reinforcements as 
opposed to particulate and platelet reinforcement. The most important advantage of 
utilising a fibrous reinforcement is that it confers a ‘graceful’ failure upon the 
material, i.e. the material can sustain multiple cracking prior to failure. This means 
that a component may be damaged but should not fail in a catastrophic manner. A 
further advantage of fibre reinforcement is that it may be simpler to create complex 
component shapes. This is possible because textile manufacturing techniques can be 
used to form fibre preforms in two and three dimensions.
The first types of CMCs would be better described as glass or glass-ceramic matrix 
composites (GCMCs). Examples of GCMC systems include carbon or silicon carbide 
fibre reinforced lithium aluminosilicate (LAS) or calcium aluminosilicate (CAS). As 
knowledge of GCMCs was gathered, in terms of both processing and constituents, 
attempts were made to apply this knowledge to other material systems which had the 
possibility of offering even better performance, e.g. higher service temperatures. This 
has led to the continuing research into long fibre reinforced CMCs, also know as 
continuous fibre ceramic matrix composites (CFCMCs).
The most commonly used non-oxide ceramic materials are carbon (C), silicon nitride 
(Si3N4) and silicon carbide (SiC). Carbon is oxidation sensitive and so is either used 
in applications requiring relatively low operating temperatures, e.g. 400°C, or for
2
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short service lifetimes, e.g. leading edges on the space shuttle (where the environment 
has a low oxygen content). Therefore, carbon, unless protected, is not a viable 
candidate for use in turbine environments where long service lifetimes are required. 
However, carbon fibre reinforced carbon (C/C) and carbon fibre reinforced silicon 
carbide (C^/SiC) materials are some of the best understood of any of the possible 
CMC systems and have found a number of high performance applications, e.g. C/C 
brake discs.
Silicon carbide is used as both a matrix material and as a fibrous reinforcement in 
CMCs. Silicon carbide as a monolithic material possesses a number of veiy desirable 
properties including a high hardness, erosion resistance and resistance to chemical 
attack in a reducing atmosphere. The greater oxidation resistance of silicon carbide 
compared with carbon has led to the manufacture of C(f)/SiC composites where the 
matrix of SiC allows the material to operate at temperatures greater than the one 
limiting the use of C/C composites. Silicon nitride is also used in both the 
manufacture of fibre reinforcements and matrices. However, research into this 
material in terms of its application to CMCs is far more limited than for SiC.
Major developments in fibre reinforcements began with the work of Yajima et al. 
(1976) who created a silicon carbide fibre that could be manufactured relatively 
cheaply fiom a polymer precursor. Commercially available examples of polymer 
precursor SiC fibres includes the Nicalon and Tyranno fibres manufactured by 
Nippon Carbon Co. and Ube industries, respectively. However, the Nicalon fibre is 
known to start degrading above 600°C and this led to the development of a fibre with 
a significantly lower oxygen content, called the Hi-Nicalon fibre. The Tyranno fibre 
contains approximately 1.5 to 4 wt% titanium from the polymer precursor. Initial 
research was focussed on the development of non-oxide fibres, but more recently 
there has also been progress in the research into oxide fibres to such a degree that they 
now provide a feasible reinforcement alternative to non-oxide fibres.
Limitations associated with non-oxide CMCs, namely their susceptibility to oxidation 
embrittlement and pesting oxidation has led to increased research into oxide CMCs. 
Oxide/oxide CMCs currently offer a veiy promising solution for most elevated 
temperature applications as they are inherently oxidation resistant, overcoming the
3
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main limitation of non-oxide CMCs. Development of these materials has been slower 
than for non-oxide CMCs due to the originally poor properties of the available fibre 
reinforcements.
The demands placed upon materials used in the aerospace industry are a major driving 
force in the development of new materials and the improvement of existing materials. 
An important factor in the development of CMCs is that ceramic materials offer the 
best retention of strength at elevated temperatures, which leads to the possibility of 
higher operating temperatures of components used in these environments. Operating 
temperatures in excess of 1000°C, and preferably as high as 1600°C, and a non- 
catastrophic type of failure are required in order for CMCs to be economically viable 
as an alternative to currently used materials e.g. nickel superalloys. The advantages 
of higher operating temperatures are significant as they lead to cleaner emissions and 
better efficiency of fuel consumption. Another benefit of CMCs over currently used 
materials is that they possess a lower density and so there is the potential for 
significant weight savings to be made in certain applications. The potential number of 
components that can be made from a CMC material for use in a gas turbine can be 
seen in figure 1 .1 .
Inner Scroll
(Carbon Fiber Reinforced SiC)
Orifice Liner 
(Milled Carbon Fiber and 
B2 Powder Reinforced
Extension Uner
(Chopped SiC Fiber Reinforced SiNC)
"Combustion Liner 
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(In-Situ Si3N4 Reinforced Si3lsU)
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I O u ter Shroud ' ^  wnisKer Keim rceo bi KJ )
(SiC Fiber Reinforced SiNC) (,n~Situ Si3N‘  Reinforce'J SiaN«) 
I  (SiN Fiber Reinforced SiNC)
'  /
(Carbon Fiber Reinforced SiC)
Inner Shroud 
(Carbon Fiber Reinforced SiC)
Back Plate 
(SiC Whisker Reinforced SiAION) 
(In-Situ Si3N4 Reinforced Si3N4)
Figure 1.1 CMC components for a ceramic gas turbine (after Kaya, 1999)
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The service environment will be critical in determining the lifetime of any 
component. In the case of a CMC, the desired service environment could be 
described as being veiy harsh as the components will be operating at temperatures in 
excess of 1000°C with varying loads as well as varying moisture and contaminant 
concentrations. The factors present in a combustion environment can be seen on the 
outer circle in figure 1.2. Furthermore, the components have to be made to very high 
tolerances and should be of minimal weight, hi order to determine the suitability of a 
candidate CMC for such conditions, one approach has been to characterise the 
mechanical properties of the material. This approach is advantageous as the results 
obtained allow the determination of whether the material has failed in a brittle manner 
as well as determining material properties. However, this approach does not 
necessarily lead to a good understanding of the material at a microstructural level that 
is most likely to be a decisive factor in predicting the lifetime of the material.
Currently, commercially available oxide fibre reinforcement is limited to temperatures 
of 1000-1200°C, depending on lifetime required. Furthermore, there has only been a 
small amount of research directed at investigating extended lifetimes at elevated 
temperatures. There has also been little research into the effect of the environment on 
the microstructure of the material.
Other 
oxidants 
(C02, H20)
Impurities 
(SOx, HCI, Na, K), 
transition metals
Ceramic
additive
effects
Isothermal 
oxidation, 
pure materials, 
pure oxygen
Thermal
cycling
Si02
crystallization
Long-term 
isothermal 
effects
Figure 1.2 Factors which need to be considered when researching materials for 
combustion environments (adapted from Jacobson, 1993).
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Thus, the aim of this project is to study the long term stability/degradation of an all­
oxide CMC as a function of temperature and environment at a microstructural level in 
order to gain a clear understanding of the material and its evolution during lifetime. 
This will be achieved through controlled thermal aging of samples that will then be 
characterised using light microscopy, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), energy dispersive X-ray analysis (EDX), 
parallel electron energy loss spectroscopy (PEELS) and X-ray diffraction (XRD).
1.2. THESIS O UTLINE
The second chapter of the thesis presents a review of published literature concerned 
with the field of oxide/oxide ceramic matrix composites. The chapter is broken down 
into sections based around the fibre reinforcement, possible matrix materials, and two 
different processing approaches. Chapter 3 detailing the experimental work, 
including sample preparation and the techniques used to investigate these samples, 
follows this.
Chapter 4 details the results of the scanning electron microscope investigation of the 
thermally aged material whilst chapter 5 details the results of the transmission 
electron microscope investigation. The mechanical testing characterisation of the 
thermally aged material is detailed in chapter 6 . Chapters 4, 5 and 6  contain two main 
sub-divisions that are based on either short term or long term aging.
Chapter 7 is a discussion that attempts to inter-relate the results and observations 
described in chapters 4, 5 and 6  as well as discussing the results in light of previous 
work in the literature. Chapter 8  presents the conclusions that were reached from this 
investigation as well as presenting ideas for future work.
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C h a p t e r  2  
L it e r a t u r e  R e v ie w
2.1. INTRODUCTION
Research into continuous fibre reinforced oxide/oxide CMCs has been made possible 
due to the manufacture of suitable reinforcing fibres in the 1970s. However, it has 
only been relatively recently, since the early 1990s, that research into this area has 
gathered momentum. This can be attributed to two main factors;
(i) it is only recently that the cost and mechanical properties of the reinforcing 
oxide fibres have reached a satisfactoiy level, and,
(ii) difficulties with non-oxide CMC systems have caused a shift in interest to 
alternative systems.
Early research in this area was based around the concept of brittle matrix composites, 
where the material is designed to induce toughening mechanisms, such as crack 
deflection. In this traditional approach, either a weak fibre/matrix bond is created in 
order to promote crack deflection, or alternatively, an interphase is introduced 
between the fibre and matrix. This interphase region is designed to promote energy 
dissipating phenomena such as crack deflection.
Recently, however, there has been a new approach to the design of composites 
whereby a porous and weak matrix is desirable. This approach is based on careful 
selection of the constituent materials and their processing in order to tailor the 
properties of the material so that crack deflection is controlled by residual stresses and 
porosity present in the material. This approach is beneficial as the absence of an 
inteiphase makes the manufacturing route simple and hence more affordable, as well 
as producing a material with a high transverse strength, flaw tolerance, and enhanced 
longitudinal strength due to strong interfaces (Lu, 1996). A particular benefit of flaw 
tolerance is that final machining of components does not need to be to as high a 
quality as that required for a monolithic ceramic.
7
Chapter 2: Literature review
In certain situations, a dense matrix CMC will be more appropriate than a porous 
matrix CMC and vice versa. One example of where a porous matrix CMC may be 
unsuitable is where a component will experience a degree of wear. The porous matrix 
material will be less wear resistant than its dense matrix alternative on a like for like 
material basis. Also of concern is the resistance of CMCs to environmental 
degradation, which is often the limiting condition when in service, hi the case of a 
porous matrix CMC, although the matrix is designed to crack quite readily, the 
material is manufactured such that these cracks do not impinge on the fibres. This 
will protect the fibres from the surrounding environment. On the other hand, in the 
case of dense matrix CMCs, the cracks are allowed to propagate through the material 
and are usually deflected by the presence of an interphase. However, the 
impingement of a crack on the inteiphase will allow the environment surrounding the 
component to penetrate into the material and possibly damage the interphase and even 
the fibres. This is a particular problem associated with silicon carbide based CMCs.
The literature review will consider, separately, the two bulk constituents present 
within an oxide/oxide CMC, namely, the oxide fibres and the oxide matrices. 
Following these two sections will be a review of work into dense matrix oxide-oxide 
CMCs and this is then followed by a section which reviews porous matrix oxide- 
oxides CMCs. The section on fibres has been divided into groups based around 
chemical compositions with a final discussion at the end of the section that compares 
the three most widely used fibre reinforcements. The section on oxide matrices will 
focus on alumina and mullite as these are the two most widely used materials. The 
two sections detailing developments in dense matrix and porous matrix oxide-oxide 
CMCs will discuss both the basic mechanics involved in these approaches as well as 
the choice of interphases.
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2 .2 . OXIDE FIBRES
2.2.1. Introduction
Oxide fibres have been available commercially since the 1970s (Chawla, 1993) 
although their poor mechanical properties, for example poor strength and creep 
resistance (Bunsell and Berger, 2000), have prevented them from providing adequate 
elevated temperature reinforcement within a ceramic matrix. However, early versions 
of oxide fibres were used as reinforcements in aluminium alloys and as refractory 
insulation. Oxide fibres can be divided into two types based on their respective 
microstructures, either single-crystal fibres or polycrystalline fibres. Each type of 
fibre has distinct properties. It is also possible to catalogue fibres on the basis of their 
chemical compositions.
Early research into oxide/oxide CMCs utilised single-crystal alumina fibres as they 
were the only available oxidation-resistant monofilament fibres (Morgan and 
Marshall, 1993). These authors investigated a number of different fibre/matrix 
interphase candidate materials in order to find new materials which would not degrade 
the reinforcing fibres. Degradation of the fibres is a critical consideration in any 
CMC system as any reaction may reduce the fibre cross-section. This is undesirable 
as it may create a stress concentration within the material that could act as a possible 
site for crack initiation. Single-crystal alumina fibres can be manufactured using a 
technique known as edge-defined film-fed growth (EFG) where a sapphire seed is 
used to grow the fibre from a melt. The advantage of this type of fibre is the lack of 
any grain boundaries making it more resistant to creep than polycrystalline fibres.
Porter, (1993), has investigated the properties and suitability of a commercially 
available single-crystal AI2O3 fibre as a function of temperature. However, the high 
cost of production of single-crystal fibres, as well as their large diameters has meant 
that research into these fibres as a reinforcement for CMCs has not been very 
extensive. Research has continued using these fibres, but primarily as a basis to study 
interphase systems.
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Polyciystalline fibres offer a significant advantage in that they possess a much smaller 
diameter than the single-crystal fibre which allows them to be manufactured in many 
forms, for example as woven pre-forms (Mouchon and Colomban, 1995). 
Furthermore, the manufacturing costs of polycrystalline fibres are a lot lower than 
those for single-crystal fibres. Polyciystalline fibres exhibit high strength at room 
temperature due to their fine grain size which then causes a correspondingly poor 
resistance to creep deformation (Porter, 1993). Figure 2.1 shows the difference in 
creep resistance of single crystal fibres (sapphire (0 0 0 1 ), and yttrium-aluminium- 
garnet, YAG (111)) to polycrystalline fibres (Nextel 480, 610, 720, fibre FP and 
PRD-166).
Temperature, 104/K
Figure 2.1 Variation of creep resistance of different oxide fibres (Chawla, 2003)
The majority of research conducted into polyciystalline fibres has been centred 
around the performance of these fibres at elevated temperatures and in combination 
with possible candidate interphase systems. More recently there have been attempts 
to identify the controlling features present within the microstructures of these fibres in 
order to understand their behaviour. Identification of these factors will enable 
microstructural tailoring of the fibres in order to improve their properties.
10
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As well as the commercial fibres detailed in the following section, it should be noted 
that there are also a large number of fibres which are at a developmental stage. These 
fibres include compositions such as yttrium aluminium garnet (YAG) and mullite 
manufactured by glass fibre pulling techniques from undercooled molten oxides 
(Weber et al., 1999). Another novel fibre that is being investigated is a directionally 
solidified alumina/YAG eutectic monofilament (Matson and Hecht, 1999). These 
fibres were produced using EFG. As well as investigations into novel fibre 
compositions, there is also research ongoing into reducing the cost of fibre 
manufacture. A new technique which is being investigated uses the internal 
crystallisation of an oxide melt which has been infiltrated into a porous substrate 
(Mileiko et al., 2001). Molybdenum containing continuous channels in which the 
fibres form has been used as the substrate material. Fibres manufactured this way are 
single-crystalline in nature and encompass a wide range of compositions, for example, 
alumina, YAG and mullite.
2.2.2. Alumina fibres
Early types of single-phase alumina fibre include Fiber FP manufactured by Du Pont, 
and the Almax fibre manufactured by Mitsui Mining. The properties of these two 
fibres can be seen in table 2.1 below. The comparatively large fibre diameter and low 
strain to failure of fibre FP meant that it was never produced commercially. 
Investigations into this fibre have found that there is a rapid degradation in 
mechanical properties at temperatures above 1000°C, although the fibre remains 
chemically stable at high temperatures in air (Bunsell and Berger, 2000).
The Almax fibre has a far smaller diameter than the Fiber FP, 10 pm compared with 
20 pm, which makes it far more suitable for weaving. The Almax fibre contains 8 % 
porosity, relatively a high amount, which is predominantly intragranular. This is 
believed to be a result of rapid gram growth during fibre manufacture which prevents 
the elimination of porosity and internal stresses (Bunsell and Berger, 2000). As with 
fibre FP, the Almax fibre shows a rapid degradation in mechanical properties above 
1000°C and has a lower resistance to creep than fibre FP (Bunsell and Berger, 2000).
11
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A more recently developed a-alumina fibre is manufactured commercially by 3M and 
has the trade name Nextei 610 (N610). This fibre is polycrystalline and has an 
average grain size of 90 nm, which is approximately 5 times smaller than fibre FP 
(Schmucker et al., 2001). The fine grain size of the N610 fibre, although beneficial in 
relation to strength, confers a poor creep performance on the fibre. Some of the 
properties of the N610 fibre are given in table 2.1. The value of strength given in 
table 2 .1  is misleading as continued development of this fibre has lead to increases in 
strength. A good example of this can be seen in figure 2.2, where the single filament 
strength of Nextei 610 as a function of development time is shown. The N610 fibre 
will be discussed in more detail in section 2.2.5, where it will be compared with other 
fibres that are currently considered to be state of the art.
Table 2.1 Properties and composition of some alumina-based fibres (adapted from 
Bunsell and Berger, 2000)
Fibre
(Tm)
Manufacturer
Composition
(wt.%)
Diameter
(pm)
Density
(Mg/m'3)
Strength
(GPa)
Strain
to
failure
(%)
Young’s
Modulus
(GPa)
FP
Du Pont de 
Nemours
99.9% A120 3 2 0 3.92 1 .2 0 0.29 414
Aim ax Mitsui Mining 99.9% A120 3 1 0 3.60 1 .0 2 0.30 344
Nextei
610
3M
99% A120 3 
0.2%-0.3 Si02 
0.4%-0.7 
Fe20 3
1 0 - 1 2 3.75 2.60 0.7 370
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Year
Figure 2.2 Increase in strength of single filaments of N610 as a function of time (after 
Wilson and Visser, 2001)
2.2.3. Zirconia-reinforced alumina fibres
The addition of zirconia to alumina increases the fracture toughness, through phase 
transformation toughening. The material is know as zirconia toughened alumina, 
ZTA, and is favoured for use as a tool material. Further, the addition of zirconia 
limits the grain boundary mobility or sliding, and grain growth, as it pins the 
movement of these boundaries. The benefits associated with the addition of zirconia 
to alumina led Du Pont to create the PRD-166 fibre which contained 80 wt% a- 
alumina with 20 wt% zirconia, both intragranular and intergranular. The addition of 
zirconia increased the strain to failure of this fibre compared with fibre FP. 
Furthermore, creep of this fibre initiates at 1100°C, 100°C higher than that of fibre FP. 
However, this fibre has not been produced commercially as its large fibre diameter 
prevents weaving (Bunsell and Berger, 2000).
13
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The approach utilised by Du Pont to produce the PRD-166 fibre has shown that the 
addition of zirconia to a polycrystalline alumina fibre is beneficial in improving the 
high temperature properties of the fibre. This approach has been applied recently to a 
new fibre, the Nextei 650 fibre (N650), manufactured by 3M, which also contains 
zirconia. This fibre consists predominantly of a-alumina, with a 10 wt% addition of 
cubic zirconia stabilised by 1 wt% of Y2O3 (Poulon-Quintin et al., 2001). The 
zirconia acts to reduce grain growth, thereby enhancing the strength of the fibre 
(Poulon-Quintin et al., 1999). The presence of Y2O3 enhances the creep resistance of 
AI2O3 by reducing grain boundary diffusivity (Wilson and Yisser, 2000). The a- 
alumina grain size is approximately 80-90 nm whilst the zirconia grains were found to 
be intergranular, 20-30 nm in size, and also intragranular, <10 nm in size (Schmucker 
et al., 2001). The N650 fibre has a similar a-alumina grain size to the N610 fibre, but 
has been found to have a 100 times lower creep rate than the N610 fibre (Wilson, 
2001). Although at an early developmental stage, this fibre provides a realistic 
reinforcement for use in a CMC and is discussed further in section 2.2.5.
2.2.4. Alumina silica fibres
A problem associated with single phase alumina fibres is grain growth of the 
microstructure at elevated temperatures. A technique used to limit grain growth in 
alumina fibres is the addition of varying amounts of silica. This technique is applied 
to alumina fibres containing phases other than the a-alumina phase. The greater the 
quantity of silica present in the fibre, the higher the corresponding strength of the 
fibre, although this causes a corresponding decrease in the Young’s modulus and 
lower resistance to creep. Examples of this type of fibre include the Saffil and 
Safimax fibres manufactured by ICI, the Altex fibre manufactured by Sumitomo 
Chemicals, the Nextel-312-440-480 series of fibres manufactured by 3M and the 
Nextel-720 fibre also manufactured by 3M.
The Safimax fibre is typically composed of 96 wt% alumina and 4wt% silica. The 
main application of the Safimax fibre is as high-temperature insulation in the form of 
refractory bricks. The Saffil fibre is a shorter form of the Safimax fibre and is used as
14
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a fibre reinforcement for metal matrix composites where its ability to be manufactured 
in the form of a reinforcing mat is advantageous.
The Altex fibre is typically composed of 85 wt% alumina and 15 wt% amorphous 
silica. After manufacture, the microstructure of the fibre consists of small y-alumina 
grains dispersed in amorphous silica. As with any fibre containing both alumina and 
silica, there is the possibility of the formation of mullite at temperatures above 
1100°C. In the case of the Altex fibre, a treatment of 100 hours at 1127°C causes 5­
1 0 % of the structure to form mullite surrounded by the remaining y-alumina grains. 
After two minutes at 1400°C, the conversion to mullite is complete and the fibre 
would be composed of 55% mullite and 45% a-alumina if all of the silica present 
initially had reacted to form a 3 Al2C>3.2 Si0 2  mullite (Bunsell and Berger, 1999).
The Nextel-312, 440, and 480 fibres have the composition 3 Al2 0 3 .2 Si0 2  and varying 
additions of boria to restrict ciystal growth (Bunsell and Berger, 1999). The differing 
chemical compositions of the fibres leads to different microstructures and mechanical 
properties of the fibres. However, the critical problem associated with these fibres is 
the presence of boria, the compounds of which are known to volatilize at temperatures 
above 1000°C. For this reason the Nextel-440 and 480 fibres contain a reduced 
amount of boria compared with the Nextel-312 fibre in order to overcome these 
problems.
The Nextel 720 (N720) fibre is one of the latest developments in the Nextel series of 
fibres and, due to its greater retention of strength at elevated temperature, it is one of 
the most widely used of all the available oxide fibres in the development of 
oxide/oxide CMC systems. The fibre is produced with an alumina content of 85wt% 
as well as 15wt% silica which is in the form of mullite and constitutes 55-60% of the 
fibre volume (Wilson and Visser, 2001). The high content of mullite in the N720 
fibre confers good creep resistance on this fibre compared with the N610 fibre, as 
mullite has much better creep resistance than alumina (Wilson, 2001). The fibre 
microstructure consists of aggregates of 62 wt% metastable pseudo-tetragonal 2 :1  
mullite in which 38 wt% of a-alumina grains are embedded (Deleglise et al., 2001). 
The fibre was also reported to contain 6  vol% porosity. This fibre is manufactured by 
a sol-gel route and the high processing temperatures leads to the formation of the
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metastable mullite that is alumina rich (Bunsell and Berger, 2000). This fibre will be
discussed in more detail in the next section. !|
2.2.5. Nextel 610, 650 and 720 fibres
The N610 and N720 fibres were developed in order to have high tensile strength and 
creep resistance. Importantly, the N610, N650 and N720 fibres are fully crystalline, 
unlike other commercially available fibres. The lack of any amorphous material 
means that the resistance to creep of these fibres is inherently better than other 
commercially available fibres (Wilson and Visser, 2000).
The high strength of N610 fibres can be attributed to the fine and uniform grain size 
of the microstructure. Although the strength of the N720 fibre is lower than that of 
the N610 fibre, this fibre does possess a greater resistance to creep. These differing 
properties are due to the different microstructures. The higher resistance to creep of 
N720 fibres, compared with N610 fibres, can be attributed to the large content of 
mullite as well as the large grain size. A large grain size is important because in fine­
grained oxides the creep rate is inversely proportional to grain size (Wilson and 
Visser, 2000). Furthermore, the acicular grain shape of the mullite and alumina 
reduces grain boundary sliding and so is further beneficial for creep resistance.
The N650 fibre was developed for elevated temperature applications where the 
presence of mullite and other silicon-containing phases is undesirable (Wilson and 
Visser, 2000). For example, one of the limitations of the N720 fibre is the presence of 
mullite and associated silica. This may cause the fibre to be sensitive to alkali 
contaminants present either within the material itself, or introduced from the operating 
environment. Furthermore, the aim of producing the N650 fibre was to have a greater 
strength and chemical stability compared with the N720 fibre, whilst having a greater 
resistance to creep than the N610 fibre (Wilson and Visser, 2000). These properties 
can be seen in table 2.2. The N650 fibre achieves this by the incorporation of Y2O3.
________________________ Chapter 2: Literature review _____________________
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Table 2.2 Comparison of the properties of the Nextei 610, 650 and 720 fibres (after 
Bunsell and Berger, 1999)
Property Units Nextei 610 Nextei 650 Nextei 720
Chemical
Composition
Wt. % >99 AI2O3
89 AI2O3 
IOZ1O2 
1 Y2O3
85 AI2O3 
15 Si02
Crystal phases a-Al2 0 3
(X-AI2O3 + 
cubic Z1O2
a-Al2 0 3  + mullite
Tensile Strength GPa 3.3 2 .8 2 .1
Tensile Modulus GPa 373 358 260
Density g/cc 3.9 4.1 3.4
Thermal Expansion 
(25-1000°C)
ppm/°C 7.9 8 .0 6 .0
Maximum Use 
Temperature 
(1% strain/69 
MPa/lOOOhr)
°C 1 0 0 0 1080 1150
The effect of silica content on the strength and elastic modulus of a range of alumina- 
based fibres can be seen in figures 2.3 and 2.4. In these figures it can be seen that the 
N610 fibre clearly has a high strength and modulus compared with other alumina- 
based fibres. Although the properties of the N720 fibre appear to be only moderate, 
this fibre is important for two reasons. Firstly, the N720 fibre has a small diameter of 
1 2  pm and so can be manufactured as a woven preform, allowing low manufacturing 
costs to be realised. Secondly, and more importantly, the N720 fibre retains its 
strength to a greater temperature than other fibres. This can be seen clearly in figures 
2.5 and 2.6 where the strength retention of a number of different Nextei fibres can be 
seen. The most significant figure is 2.5, which is based around tests on multi-filament 
strands of fibres, which are most likely to have most commercial exploitation in terms 
of reinforcement. However, the strands were tested at a lower strain rate than the 
single filaments and so care must be taken when making any comparisons. Dassios et 
al., (2003) have investigated the differences between testing single filament fibres
17
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against fibre bundles for the N720 fibre for a range of temperatures up to 1200°C. 
The authors report that the room temperature elastic modulus for the bundle compares 
very favourably to that reported by the manufacturer. However, it was found that the 
room temperature strength was only half that of values reported for single fibre tests. 
The effect of temperature on the rate of decrease in strength was found to agree with 
that already reported in other investigations. The authors concluded that the fibre 
bundle testing technique is more efficient in characterising fibre strength distribution 
than single fibre testing, which relies on stronger fibres due to the way that they are 
selected.
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Figure 2.3 Effect of silica content on the strength of alumina-based fibres (after 
Bunsell and Berger, 1999)
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Figure 2.5 Tensile strength retention of multi-filament strands at elevated temperature 
(after Wilson and Visser, 2001)
Test Temperature (°C)
Figure 2.6 Tensile strength retention of single filament strands at elevated 
temperature (after Wilson and Visser, 2001)
Although the N720 fibre shows the best retention of strength at elevated temperatures, 
its sensitivity to alkaline contaminants will be a critical issue in its suitability for use
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in CMCs, and strength has been shown to depend on the test conditions (Bunsell and 
Berger, 2000). Deleglise et al. (2001) report that heat treatments at temperatures 
above 1300°C caused a rearrangement of fibre structure towards facetted (3:2) mullite 
grains and elongated orientated a-alumina grains. These microstructural changes 
cause a decrease in the room temperature strength and an increase in Young’s 
modulus. The authors suggest that the change in microstructure will increase the 
resistance of the fibre to creep. Research is continuing into the effect of high 
temperature induced grain growth on a laboratory produced mullite fibre and the 
N720 fibre (Schmiicker et al., 2005).
Due to the importance of the mechanical behaviour of the fibre reinforcement at 
elevated temperatures, the N650 and N720 fibres have been investigated in creep 
studies. Deleglise et al. (2002) used a number of different stressing rates for tensile 
creep tests in combination with different temperatures, between 1200°C and 1500°C. 
The mechanical properties of the fibre under different conditions was combined with 
microstructural observations to form a summary of the creep behaviour of the fibre, as 
can be seen in figure 2.7. The authors describe the mechanism of creep as being a 
simultaneous, progressive dissolution of mullite and re-precipitation of elongated, 
orientated grains of alumina. Grain boundary sliding occurs through a thin alumino­
silicate liquid phase. It was found that the fibre microstructure makes it highly 
sensitive to alkaline contaminants during creep. Failure of fibres was found to occur 
by either coalescence of several intergranular microcracks, during restricted grain 
growth, or catastrophically from the presence of cavities or large growing grains.
Poulon-Quitin et al. (2004) have investigated the tensile creep behaviour of the N650 
fibre up to 1300°C. It was proposed that creep occurs by two mechanisms. For low 
stresses there is a dissolution and re-precipitation of aluminium ions at grain 
boundaries leading to grain growth. For high stresses, at the same temperature, creep 
occurs by grain boundary sliding. In both cases, it is reported that the strain rate is 
controlled by alumina and oxygen ion diffusion at the grain boundaries. The 
segregation of Y3+ and Zr4+ to grain boundaries up to 1200°C was found to decrease 
the creep rate, with the presence of Fe2+ also being reported as being beneficial. It 
was concluded that the N650 fibre has the chemical stability for it to be used in CMCs 
to a temperature of 1200°C, although in a similar, but less pronounced manner to the
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N720 fibre, the N650 fibre is still sensitive to alkali contaminants. The authors 
suggest that the N650 fibre may be a suitable replacement for the N610 fibre at 
temperatures below 1200°C, but at a temperature of 1300°C the N720 fibre possesses 
a creep rate 5000 times lower than that of the N650 fibre and, if it can be protected 
from alkali contaminants, it may be more suitable in certain applications.
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Figure 2.7 Summary of the behaviour of the N720 fibre in creep as a function of the 
applied stress for temperatures from 1200 to 1500°C. (ab = abnormal, gg = 
grain growth, sh = shrinkage, cr = creep) (after Deleglise et al., 2002).
The widespread use of the N610 and N720 fibres in woven form make it important to 
understand the effect of the manufacturing route on the resultant CMC. The weaving 
process involves manipulation of the fibres that may cause degradation of their 
properties. This has been found in the case of Nextei 720 oxide fibres, where the 
strength and failure strain of the woven fibres is approximately half that of the pristine 
fibres (Levi et al., 1998). However, in the same work the authors found negligible 
degradation due to weaving of earlier generation Nextei 610 fibres. It may be 
possible to overcome the problems associated with weaving by coating the fibres prior 
to their weaving and then treating them afterwards to remove this coating.
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2.3 . M ATR IX  MATERIALS
2.3.1. Introduction
There are two approaches to the development of a fibre-reinforced oxide/oxide CMC 
matrix. These are to either produce a highly dense oxide matrix and then engineer or 
form a suitable interphase, or alternatively to create a porous matrix. In the first 
approach, the interphase is normally designed to be relatively weak so that a crack 
within the matrix does not propagate into the fibre bundles and cause catastrophic 
material failure. This approach of interphase tailoring is discussed in detail in the 
next section, 2.4. The relatively recent approach of utilising a porous matrix is 
discussed in more detail in section 2.5.
There are a large number of different oxide ceramics used for a range of applications, 
although it is alumina (AI2O3) mullite, and forms of zirconia (Z1O2) that are used 
predominantly as structural materials. The application of these ceramics is due to 
their high temperature capabilities, in excess of 1000°C, which makes them candidate 
materials for use as matrices for oxide composite materials. Although other matrices 
have been used in conjunction with oxide fibres, for example glass and silicon nitride 
(Tu et al., 1996), these approaches will not fully utilise the oxidation resistance of the 
oxide fibres. Thus, the two most commonly used oxide matrices are alumina and 
mullite. Some properties of alumina and mullite are given in table 2.3.
The approach to fonning an oxide matrix as part of a CMC is a complicated process 
due to the presence of the reinforcing phase. Alumina and mullite, the two most 
commonly used matrices, can be manufactured through a number of different routes 
which can be critical to the performance of the final material. Critical factors which 
can be varied during manufacture include temperature, pressure and cycle times. 
Manufacturing routes used in the synthesis of alumina and mullite matrices include 
sintering, hot pressing and reaction bonding. It should be remembered that common 
problems associated with these manufacturing routes, for example shrinkage and 
warping, may still occur.
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There has also been research into whether reactive species present in the matrix, or 
inteiphase if present, will cause degradation of the fibres. Reactive species may 
include boron, alkali and alkaline earth ions which can diffuse easily in 
aluminosilicate phases and can promote the formation of low melting temperature 
phases (Mouchon and Colomban, 1995). In this work, two boron-rich aluminosilicate 
components were believed to react and form a detrimental low-melting point 
aluminoborosilicate inteiphase leading to a brittle fracture behaviour. Understanding 
these interactions are important as other contaminants present in the operating 
atmosphere, or as contaminants on fibre surfaces, may also react with the matrix, 
possibly in a detrimental manner.
Table 2.3 Properties of alumina and mullite (after Chawla, 2000)
Material
Density p, 
(g cm’3)
Melting
point,
(°C)
Young’s 
modulus E, 
(GPa)
Coefficient 
of thermal 
expansion a, 
(10"6 K’1)
Fracture 
toughness 
Kic, 
(MPa m1/2)
Alumina 3.9 2050 380 8.5 2.0-4.0
Mullite 3.2 1850 140 5.3 3.5-3.9
2.3.2. Alumina
Alumina is classed as a simple oxide ceramic with a high melting point of over 
2000°C. It is chemically stable in both an oxidising and reducing atmosphere to 
approximately 1900°C and is mechanically very strong (Chawla, 2000). However, the 
properties of alumina vary greatly as a result of the various different compositions and 
processing routes. Ideally, alumina used in a CMC will be as pure as possible in order 
to prevent chemical reactions during elevated temperature exposure. However, the 
greater the purity of the alumina, the greater the densification temperature required, 
which will cause a degradation of the reinforcing fibres present in the matrix. The 
technique used to densify the matrix around the fibre may also degrade the reinforcing
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fibres due to stress generation. Examples of densification routes include cold pressing 
followed by sintering as well as hot pressing.
An example of problems encountered when manufacturing CMCs is the case of an 
alumina matrix, sintered at 1600°C for 3 hours, which resulted in fibre damage. 
Furthermore, sintering at 1550°C using a high surface area powder caused a large 
amount of sintering shrinkage and specimen bending leading to fibre breakage and 
sample distortion. This was overcome by using a starting powder with a bimodal 
particle-size distribution that resulted in moderate sintering shrinkage and no visible 
fibre damage (Kuo et al., 1997). As well as varying the powder characteristics, 
additives may be used in the matrix manufacturing process for a number of reasons. 
Zirconia has been added to an alumina matrix in order to control matrix grain growth 
at elevated temperatures (Holmquist et al., 2000).
Hammond and Elzey (2004) have investigated the effect of porosity on the 
mechanical properties of alumina. The quantity of porosity was varied by using three 
different sintering temperatures of 1100, 1250 and 1400°C which resulted in sample 
densities of ~ 55, 60 and 69 % respectively. It was found that a significant increase in 
flexural properties was observed for minimal increases in density. Furthermore, 
limited densification of the material was observed to cause a rapid increase in the 
interparticle contact and bonding. A limitation of alumina is that at temperatures in 
excess of 1200°C, creep of the material is a problem. This will be a problem for the 
future development of CMCs where operating temperatures in excess of 1200°C are 
desirable.
2.3.3. Mullite
Mullite (3 Al2 0 3 -2 Si0 2 ) matrices are being investigated due to their high-temperature 
strength, good chemical stability, low thermal expansion (conferring good thermal 
shock resistance), low thermal conductivity and excellent creep resistance (Schneider 
et al., 1994). The microstructure of mullite is important as appropriate processing 
will create small and acicular grains which will confer high temperature strength and 
good creep resistance on the matrix. The high creep strength of mullite compared
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with a number of different oxide ceramics can clearly be seen in figure 2 .8  where the 
creep strength of a material has been calculated as the stress required to produce a 
creep rate of 1 0 '9 s' .
Baudin and Villar (1998) have investigated the effect of alkaline impurities on the 
microstructural development of mullite during thermal aging. It was found that the 
impurities were concentrated in regions of glass that were found at grain boundary 
triple points in the material aged at 900°C. For an aging temperature of 1200°C, the 
glass was also found between elongated mullite grains, and after aging at 1630°C, the 
mullite was said to be embedded in a glassy matrix. The presence of the glassy phase 
leads to liquid phase sintering occurring during aging where there is dissolution of the 
outer parts of the mullite grains. Radsiclc et al. (2000) have designed a matrix 
comprising mullite with some excess a-alumina in order to prevent a degradation of 
high-temperature properties caused by residual glassy silica. However, this appears to 
have been unsuccessful as small amounts of glass containing silicates were foimd 
during high temperature testing. It was found that the performance of the material 
when tested at high temperatures, between 1200°C and 1300°C, was lower than that 
reported for room temperature testing.
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Figure 2.8 Creep strength as a function of melting temperature for various different 
oxides (after Bunsell and Berger, 1999)
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2.4 . DENSE M ATR IX  OXIDE-OXIDE SYSTEMS
2.4.1. Introduction
Research into dense matrix oxide-oxide CMCs has concentrated on interface 
engineering in order to introduce a ‘toughening’ effect within the material and to 
prevent the catastrophic growth of cracks. A technique that can be utilised to alter the 
interface is by the introduction of an appropriate interphase that can be placed 
between the fibre and matrix. Originally, the aim of this research was to find a 
compatible interphase that would not react with either the fibre or matrix at elevated 
temperature. However, more recent research has found that it is possible for reactions 
to occur at elevated temperatures, so long as the reaction products are weakly bonded. 
There are a large number of different materials which are being investigated for 
applications as interphase materials. Furthermore, these candidate materials are being 
used in a number of different configurations, for example as multi-layered 
interphases. The different types of interphase are discussed in more detail in section
2.4.3.
The basic mechanical behaviour that is required for a dense matrix oxide-oxide CMC 
is that cracks are arrested or deflected at the fibre/matrix interface in order to prevent 
catastrophic material failure. However, there are a lot of different variables that can 
affect the fibre/matrix/interphase region. Details of these variables as well as some of 
the basic details of the mechanical behaviour of dense matrix oxide-oxide CMCs are 
discussed in section 2.4.2.
2.4.2. Mechanical behaviour
Monolithic ceramic materials have a high strength, but a low fracture toughness and 
poor thermal shock resistance. A typical stress-strain curve corresponding to the 
failure of a monolithic ceramic can be seen in figure 2.9a, whilst that for a ‘tough’ 
ceramic composite can be seen in figure 2.9b.
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(a) (b)
Figure 2.9 Representative stress-strain curve for (a) a monolithic ceramic (b) a 
continuous fibre reinforced ceramic matrix composite (after Chawla, 
1993).
The principal difference between figures 2.9a and 2.9b can be attributed to the 
differing methods of crack propagation. In figure 2.9a, once the increasing stress has 
reached a sufficient level, oi, it has caused material failure to occur by way of 
catastrophic crack propagation, which initiated at the critical flaw. In figure 2.9b, 
crack initiation has occurred at a flaw once a sufficient stress level has been attained, 
a0- However, the presence of fibres in this material has prevented catastrophic growth 
of the crack and it is either arrested or deflected at the fibre bundles. Further levels of 
applied stress above a 0 will cause continued matrix microcracking that will 
accumulate until the matrix is saturated. On further application of stress, fibre bundle 
failure occurs at a„. The final part of the graph is important as the downward curve 
after au corresponds to fibre pullout.
The presence of fibres and matrix within a CMC implies that there will be an interface 
between the two components. In the case of dense matrix composites, it is the 
fibre/matrix interface that will determine the failure mechanism. If there is strong 
interfacial bonding between the fibre and matrix, then a crack which may occur 
anywhere in the material will rapidly propagate through the material, in a similar 
fashion to that which occurs in monolithic ceramic materials. However, if there is a 
weak interfacial bond between the fibre and matrix it is possible that cracks can be 
deflected into a direction parallel to the loading direction, along the interface.
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Furthermore, other energy dissipating processes which may occur at the fibre/matrix 
interface include fibre/matrix debonding, crack bridging by fibres, and fibre pullout. 
Therefore, in a material with a weak fibre/matrix interface it is possible for a large 
amount of damage to accumulate before the material fails. The failure of a CMC as a 
function of interfacial bonding strength can be seen schematically in figure 2 .1 0 .
Strong Weak
interface interface
(a) (b)
Figure 2.10 CMC failure as a function of the interfacial bond strength, (a) strong 
interfacial bonding; (b) weak interfacial bonding (after Chawla, 1993)
There are two types of bonding that can occur at an interface, mechanical bonding or 
chemical bonding. Mechanical bonding can occur as a result of roughness of the fibre 
surface against the matrix surface as well as the matrix penetrating the fibres during 
processing. Furthermore, as a result of CMCs being a combination of different 
ceramic materials, it is possible for the matrix to clamp the fibres after the final 
processing steps due to the creation of appropriate thermal stresses. Mechanical 
bonding can affect the toughness of the composite material when the energy 
dissipating phenomenon of fibre pullout is occurring. Chemical bonding has been 
suggested as being the atomic or molecular transport, by diffusional processes, that 
may form a solid solution or compound at the interface (Chawla, 1993). In practice, 
this may be the reaction between a matrix and fibre or interphase that generates a new 
compound that exists over a certain distance.
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There has been a large amount of research into the fundamental mechanics of brittle 
matrix composites. This work is very important as the understanding gained has 
allowed the design of more recent composite systems. One of the most important 
developments was the model by Aveston, Cooper and Kelly, known as the ACK 
model, (Aveston et al., 1971) for a uni-directionally reinforced composite. They 
found that the presence of fibres enhances matrix failure sham and that cracking will 
occur in a direction perpendicular to the reinforcement. It was found that as the fibre 
fraction increases, the effective matrix strength increases. This is the reason that 
manufacturing routes for continuous fibre CMCs have been developed to include high 
volume fractions of reinforcement.
In the ACK model it was recognised that the maximum stress, x, which the interface 
(or the matrix) can sustain will determine the rate of stress transfer between the fibre 
and matrix. This is important in the case of a tensile specimen loaded to the onset of 
cracking. The reinforcing fibres will be fractured into lengths between x and 2x, 
provided the failure strain of the matrix is sufficiently large, where x is dependent on 
the rate of stress transfer between the fibre and matrix. The
ACK model is based on an energy approach and can be expressed as follows 
(Fantozzi and Olagnon (1993):
where, eo is the deformation at which matrix microcracking takes place 
Gm is the critical strain energy release rate of the matrix 
Ti is the shear stress at the fibre matrix interface 
Ef and Em are the Young’s modulus of the fibre and matrix, respectively 
Vf and Vm are the volume fraction of fibres and matrix, respectively 
Ec is the Young’s modulus of the composite material 
r is the reinforcement radius
It can be observed from equation 2.1 that it is possible to increases the deformation 
which the matrix can sustain before matrix microcracking takes place by either 
increasing the volume fraction of fibres (Vf) present in the composite, or by altering 
the interfacial properties through x;. Limitations of the ACK model include that it 
does not consider residual thermal stresses, it only assumes frictional bonding at the
(eq. 2 .1)
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interface and neglects the statistical nature of the matrix and fibre fracture, Fantozzi 
and Olagnon (1993).
Since the ACK model was developed, there has been a lot of further research into the 
understanding of mechanical behaviour of ceramic matrix composites. Examples 
include the work of Evans and Marshall (1989) who summarise the micromechanical 
properties at the interface that govern the composite toughness. In this work the 
authors have conducted experiments on both model and actual composite systems. 
He and Hutchinson (1989) investigated the competition between crack deflection as 
opposed to penetration at the interface between two dissimilar elastic materials. The 
authors used an energy approach and from this concluded that the interface toughness 
should be less than approximately one quarter of the bulk toughness across the 
interface so that a crack will be deflected into the interface. This is valid for values of 
a  from -0.5 to 0.25, where a  is the elastic mismatch between the two materials either 
side of the interface.
Birman and Byrd (2000) have conducted a review of fatigue and fracture of ceramic 
matrix composites and the effect that high temperature exposure has on this. They 
concluded that additional research was required in order to be able to produce reliable 
modelling of the material behaviour under thermal and mechanical loading. More 
specific research aimed at the interface has been conducted by Kerans (1994) who has 
discussed possible approaches to controlling the oxidation resistance at the interface 
and associated interface properties. Naslain (1998) has discussed the presence of an 
interphase between fibre and matrix and how to design this interfacial zone in order to 
produce a composite material with high mechanical properties and extended lifetimes 
in severe operating environments. More recently Chawla et al. (2000) have reviewed 
interface engineering for the case of oxide/oxide ceramic matrix composites and 
possible interphase systems. Kerans et al. (2002) have reviewed interface design for 
both non-oxide and oxide ceramic matrix composites.
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2.4.3. Interphase systems
2.4.3.1. Introduction
The interface and any inteiphase within a composite system has been a long 
investigated constituent as it is widely regarded as being the critical factor during the 
failure of such materials. Previous research has been primarily aimed at producing a 
weak fibre/matrix interface in order to engineer a graceful failure of the material by 
deflecting matrix cracks away from the fibres and hence avoiding a brittle type of 
fracture, as commonly observed for monolithic ceramic materials. The challenges 
faced in the selection of an appropriate oxide/oxide CMC interphase material can be 
complicated and demanding. The inteiphase material must perform suitably to a 
temperature possibly in excess of 1600°C as well as not having a detrimental reaction 
with the matrix and the fibres.
The bonding and properties that occur at the fibre/matrix interface can be manipulated 
through the introduction of an inteiphase. This material should allow crack 
deflection, fibre debonding and fibre pull-out to occur during the use of the CMC. 
There are a large number of inteiphase systems that have shown the possibility of 
being appropriate. A schematic diagram of different types of interphases in CMCs 
can be seen in figure 2 .1 1 .
Lewis et al. (2000) state that a suitable interphase material must be thermally and 
chemically stable with both the fibre and the matrix as well as exhibiting the desired 
interfacial characteristics. In terms of critical mechanical properties, the interface 
microstructure should be designed around the optimised micromechanical parameters 
of the shear stress in the interface, x, and the interface de-bond energy, G,. To this 
end, the majority of research conducted so far has concentrated on the results of 
mechanical testing characterisation of material systems in order to identify those 
systems which show potential for long life and high temperature applications. Once 
suitable systems have been identified, further research is likely to be directed at 
microstructural tailoring of the materials in order to refine and optimise the systems 
showing the most potential.
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Figure 2.11 Different types of interphases which may exist in a CMC (a) weak 
fibre/interphase interface, (b) interphase with a layered ciystal structure, 
(c) multilayer repeating interphase, (d) porous interphase (after Naslain, 
1998).
Early research directed at determining suitable interfacial coatings was conducted by 
Morgan and Marshall (1993) who based their selection of possible candidate 
interphase materials on chemical compatibility. The authors noted the amphoteric 
nature of alumina which allows it to react readily with either acidic or basic oxides 
reducing the number of possible interphase materials. The authors went on to present 
an alternative set of interphase materials based on mixed oxides which are relatively 
neutral, and that occur naturally in nature with alumina, for example BaSC>4 and 
LaPC>4. Finally, within the same work, crystal structures from the magnetoplumbite- 
(3-alumina group are suggested as they contain weak mica-like basal planes. 
However, it was noted that during processing and high temperature annealing, 
morphological instability at the interface in the form of grain growth caused fibre
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degradation, although later work (Morgan and Marshall, 1995) concluded that this 
was a surface effect and did not affect the bulk of die material.
There are a number of novel inteiphase systems that have also been investigated. For 
example, an alternative inteiphase material has been suggested where a precious metal 
or alloy with a high melting temperature is utilised (Wendorff et al., 1998). In this 
work, the reinforcing fibres were either dip coated with a platinum slurry or by 
physical vapour deposition (PVD) of platinum. The presented results of this work 
state that crack deflection and debonding can occur at both the fibre/coating and 
coating/matrix interface as they are both sufficiently weak and that the smooth fibre 
surfaces are an indication of no reaction between fibre, matrix and coating. This is in 
contradiction to previously reported work where Pt is said to cause fibre degradation 
(Morgan and Marshall, 1993). Annealing of the samples in air for 50 hours at 1550°C 
also appeared to confirm the suitability of platinum as an interphase material as there 
was no discernable degradation of the interphase.
2.4.3.2. LaP04/MX04 type
As mentioned earlier, Morgan and Marshall (1993) conducted an investigation into a 
number of different candidate materials and concluded that LaP04 was a possibility as 
an interphase material in an oxide/oxide CMC. This was because cracks induced 
within the fibre were found to arrest at a sapphire fibre/LaP04 matrix interface, fibre 
sliding occurred during indentation experiments indicating that debonding may be 
possible and finally, testing on powders indicated phase compatibility with no melting 
to 1550°C. It should be noted that the authors in this work detected some solid 
solution of AI2O3 in LaP04 which was suggested as needing further investigation. 
This result is important as it may indicate that there may be a reaction between AI2O3 
and LaP04 at elevated temperatures leading to the possibility that crack deflection 
capabilities could eventually be lost.
Morgan et al. (1995) conducted further research into the high-temperature stability of 
LaP0 4-Al2 0 3  composites using a fibrous reinforcement and layered composites. 
They stated that they have found no melting of LaPQ4 and AI2O3 in a closed system
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up to 1750°C indicating the suitability of this material as an inteiphase material. 
Furthermore, they found that the LaPC>4 interphase allowed cracks to be deflected 
around the alumina fibres, even after heat treatments at 1400°C and 1600°C, although 
the heat treatments did cause minor grain growth in the LaPC>4 and alumina. It was 
found that the LaPC>4 interface was stable in air at 1600°C for 24 horns, but the 
presence of alkali metal or divalent elements (for example Mg used as a matrix 
sintering aid) encouraged the formation of La-containing (3-alumina-magnetoplumbite 
platelets near the interface at the surface of the samples, possibly following a loss of 
phosphorus. It was also suggested that the LaPC>4 coating may play a protective role 
in stabilising the fibre against possible high temperature degradation thought to occur 
as a result of faceting of exposed sapphire fibre surfaces, although the monazite grains 
were found to cause ridges on the surface of the fibres. This report is important as it 
highlights the complexity of just some of the issues that need to be resolved before a 
material can be declared as being suitable for use as an inteiphase.
Further work by Kuo and Kriven (1996) combined LaPC>4 as one component and 
either AI2O3, Y3AI5O12 (YAG), or LaAlnOis as the other in either a laminated or 
fibrous composite. In contrast to the work of Morgan and Marshall (1995) it was 
found that although stable at 1550°C, additional firing of an AI2O3 fibre/LaP0 4  
interphase/Al2 0 3  matrix system at 1600°C for six hours led to the formation of 
reaction layers and void regions. This was said to occur as a result of interdiffusion 
between the AI2O3 and LaP0 4  and the voids were a result of the vaporisation of P2O5 
resulting from the diffusion of La3+ ions into AI2O3 leaving behind P5+ ions. It was 
not determined whether this layered interphase would be detrimental to the 
performance of the composite system or be beneficial by providing multiple paths for 
crack deflection. A reaction between AI2O3 and LaPC>4 has been reported previously, 
although not on this scale. It was suggested that this may be a surface phenomenon 
(depth < 5 0  pm) related to atmospheric impurities as well as impurities in the raw 
materials (Morgan et al., 1995). During fibre pushout testing of the two fibre 
systems, it was found that in the case of the AI2O3 fibres, interfacial debonding 
occurred between the outermost reaction product and the original LaPC>4 interphase. 
Furthermore, after reaching the peak load, fibres slide at a constant force with 
increasing fibre displacement rather than at a decreasing force. As a result of the 
formation of reaction layers, hot pressing of a laminated version of this system was
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conducted at 1300°C. Again, there was found to be no indication of morphological 
instability between the laminate versions of the components tested within the work. 
The conclusion of the work by Kuo and Kriven (1996) was that a YAG fibre system 
coated with LaPC>4 may be a potential candidate material for a high temperature 
oxide/oxide ceramic composite.
More recently Keller et al. (2003) have studied the long term thermal exposure of a 
porous matrix (45-50 vol %) N610/monazite/alumina composite at temperatures up to 
1200°C. It was found that although there was some initial loss in strength after aging 
at 1200°C, no further loss was observed after 1000 hours at this temperature. The 
uncoated fibre composite used as the control sample exhibited a >70% loss in strength 
after 5 hours at 1200°C. It was also observed that the heat treatment caused a 
densification of the fibre coating that resulted in the formation of porosity at the 
interface. The results indicate the effective nature of the monazite coating and its 
suitability for dense matrix composite systems.
Kuo et al. (1997) have also investigated the effect of LaPC>4 fibre coating thickness on 
AI2O3 and YAG fibres within AI2O3 matrices and the corresponding effect that this 
has on residual thermal stresses and mechanical properties. It was found that 
increasing the fibre coating thickness decreased the load that was required for 
debonding in the AI2O3 fibre system, whilst a slight increase in load was required for 
the YAG fibre system. As in the earlier work investigating a LaP0 4  interphase (Kuo 
and Kriven, 1996), a reaction product was observed at both the fibre and the matrix 
sides of the coating, although it was not reported to form as many reaction layers as 
before, most likely as a result of no heat treatment being applied in this case. The 
reaction product was found to be a P-AI2O3, (LaAlnOis), which formed elongated 
grains on the matrix side of the coating, said to be at the expense of the AI2O3 fibre. It 
was found that the reaction product affected the residual stress, the interfacial bonding 
at both sides of the coating and the subsequent debond crack propagation. Also, loss 
of the fibre material to the reaction product will cause a reduction in the fibre cross­
section leading to the creation of a stress concentration which may act as a site for 
crack initiation or fibre failure within the material. A P-AI2O3 reaction layer also 
forms at the coating/matrix side of the interface in the YAG fibre system, although it 
was deemed to have no effect on debonding and sliding.
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Lewis et al. (2000) reference work that has found the formation of a liquid at 1050°C 
in P2O5 rich compositions and results in reactivity between AI2O3 and LaPC>4. This is 
likely to be highly detrimental to the CMC system as at elevated temperatures it may 
lead to fibre degradation whilst at room temperature it could lead to fibre/matrix 
fusion, such as that which can occur in SiC/SiC systems (Glime and Cawley, 1998). 
The same authors report that in the Nd2 0 3 -P2 0 s system there is an isotherm at 1270°C 
for P2 0 5 -rich NdPCL compositions suggesting that the material may be suitable as an 
inteiphase material, which although a higher temperature than for LaPCL, is still 
significantly lower than the desired operating temperatures of up to 1600°C. These 
authors have investigated a number of possible interphase materials in the form of 
general compounds of MXO4 where M is La, Nd or Y and X is P, V, or Nb. The 
authors conclude that lanthanum vanadate, yttrium vanadate and neodymium 
phosphate are possible alternative materials to LaPCL. However, Al-Dawery and 
Butler (2001) have reported that for a NdP0 4  coating considerable damage to fibre 
strengths occurred after heat treatments at 1200°C and this was believed to be due to a 
possible chemical reaction between the mullite composition of the fibre and the acidic 
nature of the precursor solution.
This previous work would indicate that although the MXO4 type compounds are 
potential candidate interphase materials in an oxide/oxide CMC system for room and 
low temperature applications, there are a number of problems associated with high 
temperature use at temperatures in excess of 1200°C, due to the possibility of 
reactions between the constituents.
2.4.3.3. Zirconia interphase
Research has also been directed at using a zirconia interphase layer between the fibre 
and the matrix as it should be inert during the processing of a composite as well as 
during service (Mouchon and Colomban, 1995). The zirconia was deposited by a sol- 
gel process, after which the material was annealed in air to densify, stabilise and 
promote crystallisation of the inteiphase and then a second impregnation was 
conducted to fill any resulting voids. The most promising result was found to be from 
a Sumica fibre/Zr0 2  interphase/mullite matrix composite which was found to display
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a graceful type of failure, although the corresponding mechanical properties were 
deemed to be poor due to matrix porosity, with a three point bend strength of 1 0 0  
MPa at room temperature. These results are said to be similar to those obtained for 
SiC Nicalon woven fabric-reinforced mullite matrix composites prior to system 
optimisation.
Holmquist et al. (2000) have investigated the use of zirconia as an interphase layer for 
single crystal (X-AI2O3 fibres in an alumina matrix. However, the interphase layer was 
designed to be porous thereby reducing its strength in order for it to act as a debond 
layer. The inteiphase had an average thickness of 5-10 pm and was found to be 
deformed into ‘Mickey Mouse ears’ on either side of the fibre, or even become 
detached from the fibre, as a result of the compressive deformation associated with 
the hot-pressing manufacturing route. Relative sliding between the fibre and matrix 
during tensile testing was reported to crush the interphase, creating individual round 
powder grains that can act in a ‘ball-bearing’ fashion and promote sliding, although 
this behaviour was believed to change at elevated temperatures (1400°C). The initial 
sintering of the zirconia interphase during processing caused cusps to form on the 
sapphire fibres, although this was not believed to be too detrimental to the fibre 
strength. Furthermore, ageing at elevated temperatures led to coarsening of the 
zirconia interphase grains, altering the load transfer mechanism but still resulting in a 
non-brittle failure. Although not discussed in the work, the grain coarsening of the 
zirconia interphase may be significant if it leads to fibre damage and a corresponding 
decrease in fibre strength. It was concluded that the load transfer mechanism was 
based on a wear effect of the porous zirconia interphase. The authors suggest that 
future research should be directed at improving the high temperature properties of the 
fibre, reducing the fibre diameter, improving the processing to achieve a higher 
volume fraction of fibres and improving the stability of the inteiphase.
In an attempt to simplify the production of an oxide/oxide CMC, Al-Dawery and 
Butler (2001) have used a sluiiy containing both the zirconia interphase and alumina 
matrix materials in a one step manufacturing route. This work was aimed at 
overcoming the difficulties associated with multiple interphase and matrix 
infiltrations using aqueous sols and slurries as the multiple infiltration route causes a 
tendency for a web-type solid structure to form covering voids and acting as a barrier
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to further incoming sols and slurries, and hence resulting in incomplete infiltration. 
Al-Dawery and Butler found that although it was not possible to distinguish a visible 
coating around the bulk of the fibres, the one step manufacturing route of alumina and 
zirconia produced samples exhibiting the highest levels of room temperature tensile 
strength compared to a precursor impregnation and pyrolysis manufacturing based 
route. The high strength may also be a result of zirconia inclusions in the matrix 
limiting the alumina grain size (Holmquist et al., 2000). A large quantity of fibre 
pull-out was also observed after tensile testing which would support the existence of 
an interphase or weak interface separating the fibres and matrix and leading to a high 
level of fibre debonding.
2.4.3.4. Fugitive interphases
Keller et al., (2000) have investigated the effect of a fugitive interfacial coating of 
carbon applied by chemical vapour deposition (CVD) to a Nextel 720 fabric (eight- 
harness satin fabric) with a matrix composition matched to that of the fibre. The 
composite was fabricated to contain either a dense matrix or porous matrix with the 
matrix containing approximately 30 vol% porosity. The application of the carbon 
coating to the fibre was obseived to cause strength loss which was detrimental to the 
composite properties. It was found that for the dense matrix composites, the system 
retained ~ 80% of its as-processed strength after 500 horns at 1000°C. For the porous 
matrix system, it was found that the state of the interface did not have an effect on the 
composite strength, even after long term elevated temperature exposure.
An alternative approach for a damage tolerant oxide/oxide CMC material has been put 
forward by Radsick et al., (2000) who have designed a laminated composite material 
which utilises fabric layers that contain no matrix material, alternated with those that 
do, in order to cause crack deflection and possibly provide a degree of crack bridging. 
In this work it was found that a brittle fracture mechanism occurred in the matrix 
infiltrated layers as a result of strong bonding between the fibre and matrix and in the 
absence of an interface coating. It was also observed that the non-infiltrated layers 
conferred damage tolerance on the composite by crack deflection in the plane of the 
laminate. This approach demonstrated reasonable composite properties at room
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temperature and after aging at elevated temperatures up to 1300°C. A further way to 
enhance this approach might be to coat the fibres in the matrix infiltrated layers in 
order to promote crack deflection and other energy dissipating phenomena.
2.5 . POROUS M A TR IX  OXIDE-OXIDE SYSTEMS
2.5.1. Introduction
As mentioned earlier, there is currently research being directed into porous matrix 
CMCs. This approach is designed to deflect cracks which are propagating in a 
direction perpendicular to the loading axis into a direction parallel to the loading axis. 
This is achieved by suitable material selection, processing and microstructural 
tailoring of the material during manufacture. This results in a final CMC material 
where the matrix and fibres are strongly bonded together and the matrix contains a 
large quantity of fine-scale porosity.
This approach to CMCs is important as the lack of any interphase material makes the 
general processing simpler and prevents any chemical compatibility issues. 
Furthermore, as the material is deliberately designed to be porous, processing routes 
that are cheaper can be utilised. The first porous matrix oxide/oxide CMC material 
was produced by General Electric Aircraft Engines in 1988 and was called GEN IV 
(Steel, 2000). This material consisted of a woven N610 pre-form with alumina grains 
cemented together by a porous silica network. It was found that, because of only 
limited degr adation of the mechanical properties of the material up to temperatures of 
1000°C, this material could be a candidate for short-term applications at 1000°C 
(Steel, 2000).
Another approach to the manufacture of a damage-tolerant continuous fibre CMC was 
made by Lange et al. (1995) where the composite performance had characteristics 
similar to wood. The initial investigation was conducted using alumina fibres in a 
porous matrix of either Si3N4 or mullite, where it was found the particle-to-fibre 
diameter ratio must be small in order to achieve high particle packing densities in the 
fibre perform. This early work concluded that the matrix can act as a crack deflecting
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medium and that the approach would be suitable for the manufacture of all-oxide 
CMCs. Further research has been conducted in this field looking at the mechanics of 
this approach and how to model the material behaviour (Lu, 1996; Tu et al., 1996).
2.5.2. Mechanical Behaviour
In order for a porous CMC material to deflect cracks from planes perpendicular to the 
loading axis to those parallel to it, the materials selected must satisfy two basic 
criteria (Tu et al., 1996):
(i) the coefficient of thermal expansion of the fibres must be greater than that 
of the matrix,
(ii) a high tensile strength, low fracture energy (rm) matrix containing fine 
scale porosity is required.
Criterion (i) means that cooling from the densification temperature, typically around 
1200°C, results in the fibres being left in a state of residual tension, whilst the matrix 
contains residual longitudinal compressive stresses (Lu, 1996).
In this approach, fibre tows are grouped into bundles. These bundles are separated 
from each other by a porous matrix. Fibre/matrix bonding is strong. Providing that 
the criteria listed above are met, cracks initiate in the weakest fibres and then extend 
across the fibres and matrix material within the bundles, shown schematically in 
figure 2.12a (Tu et al 1996). On reaching the edge of the bundle, the cracks are 
deflected by the dominant matrix region such that they are parallel to the loading 
direction, shown schematically in figure 2.12b (Tu et al. 1996). This cracking 
configuration has been denoted as the ‘H-crack’ (Tu et al., 1996). Failure of the 
material will occur when the ‘H-eracks’ have coalesced.
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Figure 2.12a Crack initiation within fibre bundles. Cracks propagate to the edge of 
the fibre bundle (after Tu et al., 1996).
Figure 2.12b Formation of the ‘H-crack’ damage mechanism (after Tu et al., 1996).
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2.5.3. Selected system developments to date
Kramb et al. (1999) have investigated the GEN IV material, a N610 fibre reinforced 
CMC with a porous alumina-silica matrix (87 wt% AI2O3 -  13 wt% SiOi), at elevated 
temperatures using single edge notched specimens, as well as un-notched specimens. 
It was found that an increase in testing temperature from 23°C to 950°C caused a 
reduction in net section failure stress by 50 %. The material was found to fail in a 
non-brittle manner, and retained a large amount of load carrying ability. At elevated 
temperatures it was found that matrix cracking within the fibre tows was reduced and 
resulted in stress concentration at the notch tip. Zawada et al. (2003) have also 
investigated the GEN IV material and report an interconnected composite porosity of 
~ 24 % with a matrix porosity of 35%. They found that under tensile loading the 
stress-strain response is nearly linear-elastic to failure and suggested that fibre-matrix 
debonding is minimal and there is little matrix cracking occurring. The authors 
concluded that although the material possesses acceptable tensile strength and fatigue 
performance at room and elevated temperatures, it has a limited lifetime at 
temperatures above 1000°C due to the low creep resistance of the N610 fibre. The 
limited creep properties of the N610 fibre has meant that research has focussed on the 
N720 fibre due to its better creep resistance.
Cinibulk et al. (2004) have used the N610 fibre as a reinforcement in a porous 
alumina matrix containing varying quantities of YAG as previous work had found that 
10 vol% YAG addition to an alumina matrix had increased the retained strength of 
similar composites after aging at 1200°C. Cinibulk et al. (2004) report an increase in 
the strength of the material after aging at 1200°C for up to 100 hours compared to an 
all alumina matrix material. The authors were unable to correlate YAG volume 
fraction with the strength after aging at 1200°C, but it was suggested that the YAG 
inhibits local densification of the matrix. Furthermore, the authors also postulated 
that the presence of YAG also contributed to an increase in fibre strength.
Research by Levi et al., (1998) investigated the effect of approximately 30 % porosity 
on the performance of a Nextel 610 and 720 fibre reinforced mullite/alumina matrix 
composite without an interphase. The alumina content of the matrix was selected as 
2 0  vol% as it was determined that quantities greater than 2 0  vol% led to increased
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shrinkage. They reported that there was no significant degradation of fibre strength as 
a result of the small alumina particles within the matrix being sintered to the fibres. 
The authors report the presence of crack-like shrinkage flaws within the matrix, 
believed to be a result of shrinkage occurring during drying to produce the green 
body. A paste of chopped almnina fibre was used to fill large spaces in the perform 
and overcome the problem. It was found that the samples display relatively low 
interlaminar shear strength (in comparison with other continuous fibre ceramic 
composites) that was believed to be a result of the high matrix porosity. However, 
these authors concluded that the high creep strength of the N720 based material make 
it a serious candidate for use in applications up to at least 1200°C. Furthermore, the 
mechanical performance of the material was comparable to that of SiC/C and C/C 
materials.
Further research into a N610 fibre reinforced porous matrix of mullite and alumina 
(80/20) has been conducted by Heathcote et a l, (1999) who investigated the notch 
sensitivity of the material. In this work the green panels were subjected to 4 
impregnation and pyrolysis cycles with an alumina precursor and resulted in a 
composite porosity in the range 22 % - 25 %. The authors suggest that the matrix 
modulus was lowered by the presence of the porosity such that the driving force for 
cracks to extend from the matrix into the fibres was reduced. It was also postulated 
that the pores act as sites for microcracking and hence reduce the effect of stress 
concentrations due to fibre breaks. The material was found to allow crack deflection 
and damage tolerance, such that the notch sensitivity in the axial direction was 
comparable to that of dense matrix, weak interface systems.
Haslam et al. (2000) have applied the principles of porous CMCs by combining N720 
fibres and a zirconia matrix, incorporating 30 vol% mullite, due to its suitability for 
sintering without shrinkage under certain conditions. Mullite was added to the matrix 
as it was found to prevent densification of the matrix during extended thermal 
exposure of 100 hours at 1200°C. The authors used a novel approach to manufacture 
the material by producing frozen layers of matrix that were sandwiched between 
layers of fibre cloth reinforcement which, after thawing, were sintered at temperatures 
between 1200°C and 1300°C in a dry HC1 gas atmosphere. The properties of the 
material were reported to be similar to those found for other porous matrix composites
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with aii important conclusion that the matrix will be resistant to densification during 
use.
Jurf and Butner (2000) report that strength degradation of a N720/aluminosilicate 
system at temperatures in excess of 1100°C is believed to be a result of additional 
densification of the matrix and greater bonding to the fibre, which reduces the 
toughening effect of the deliberately designed porous matrix. Jurf and Butner (2000) 
have manufactured a porous matrix CMC based around the N720 fibre that exhibited 
90% strength retention after 100 hour exposure at 1200°C. The authors also found 
that a mullite based system displayed better microstructural development, i.e. limited 
densification, whilst an alumina based system displayed a better initial structural 
performance, i.e. greater retention of strength after 100 hours at 1200°C.
Schmiicker et al., (2000) have investigated a porous matrix CMC consisting of Nextel 
720 fibres in a mullite matrix, which contained approximately 50 vol.% porosity in 
the matrix. It was suggested that the fibre/matrix debonding controlled the strength of 
the composite, as opposed to the direct fibre strength. Samples were heat treated in 
air at temperatures of 1300°C for 1000 hours, and at 1400, 1500, and 1600°C for 2 
hours. The authors reported a coarsening of the fibre microstructure after aging at 
1300°C for 1000 hours and 1600°C for 2 hours, as well as a loss of a-alumina at the 
fibre rim where it was in direct contact with the matrix. It was found that there was 
little degradation of the porous matrix due to thermal treatment, unless interactions 
occurred between the fibre and matrix. Furthermore, the strength degradation of the 
composite after firing at 1500°C was significantly less than that of the N720 fibres, 
implying that the composite properties are not controlled directly by the fibre 
reinforcement. They concluded that for short term applications (several horns), the 
material is stable to 1500°C and for long term applications (1000 + hours), the 
material is stable to 1300°C.
She et al. (2002) have investigated the effect of the addition of alumina into the pore 
space in a N720 fibre reinforced porous mullite matrix by multiple cyclic infiltrations 
of a AICI3 solution. The authors concluded that this approach resulted in an 
inhomogeneous distribution of residual pores within the composite and that an 
improvement in mechanical properties was not achieved. However, the authors
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suggest that this approach may be suitable for modifying the thermal conductivity of 
tins class of material whilst still retaining its damage tolerant behaviour.
Holmquist and Lange (2003) have investigated a porous matrix mixture of mullite and 
ahimina (70/30) reinforced with either N610 or N720 fibres. As with other work 
involving a mixed mullite and alumina matrix, the ratio of proportions was selected in 
order to gain a high packing density of the powder body and minimise shrinkage 
during sintering. The authors in this work introduced the matrix in a similar manner 
to that described by Haslam et al. (2000), where vibration assisted flow was utilised, 
hr a similar approach to that of She et al. (2002), multiple infiltration cycles with an 
alumina precursor were conducted in order to strengthen the matrix. The matrix 
porosity was reported as being approximately 40% whilst that of the composite was 
approximately 23%. The composite was reported to contain regular crack-like flaws 
believed to be a result of the constraint the fibres impose on the matrix during drying, 
also reported previously by Levi et al. (1998). Holmquist and Lange (2003) found 
that the as-processed material possessed similar in-plane mechanical properties to 
those published for similar systems (Levi et al., 1998 and Heathcote et al., 1999). 
After thermal aging of the material for 2 and 100 hours at 1200°C, it was found that 
there was not a significant effect on either the stiffness or strength of the material. 
Furthermore, after aging at 1200°C for 100 hours the microstructure appeared stable 
with no signs of densification. However, aging for 100 hours at 1300°C was found to 
cause a reduction in strength by 35 % and 20 % for the N610 and N710 composites, 
respectively, as well as causing some embrittlement of the material.
Carelli et al., (2002) have also investigated a N720 fibre reinforced porous matrix of 
mullite (80 % sic) and alumina (20 % sic). The final matrix porosity was reported as 
approximately 38%. The material was subjected to long-term exposure (1000 hours) 
at temperatures of 1000-1200°C in air. They found that further matrix sintering leads 
to up to a doubling in the modulus and hardness of the matrix after aging at 1200°C, 
but has little effect on the mechanical properties of the material with a 0°/90° 
orientation. The authors state that there is a retention of the fibre dominated 
properties after a 1200°C aging treatment. Furthermore, by suitable microstructural 
tailoring, the authors anticipate a further improvement in the stability of the matrix
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leading to a longer lifetime at elevated temperatures, specifically by increasing the 
ratio of mullite to alumina in the matrix.
Mattoni and Zok (2005) have examined a number of porous matrix oxide composites 
experimentally and theoretically and produced a simple analytical formula for the 
prediction of notched strength. The material consisted of N720 fibres in a porous 
mullite and alumina (80/20) matrix that was subjected to a number of alumina 
precursor impregnation and pyrolysis cycles. Prior to the infiltration cycles of 
alumina precursor, the matrix porosity was determined to be 39 %. It was found that 
for increasing quantities of alumina addition to the matrix there was a corresponding 
increase in the notch sensitivity of the material. There was a corresponding increase 
in the tensile and shear strength for un-notched specimens with increasing addition of 
alumina to the matrix during the manufacture of the material.
Antti et al. (2004) have investigated a commercially available CMC which consists of 
N720 fibres in a porous aluminosilicate matrix, where the material contains 30-40 % 
porosity. The material was subjected to thermal aging at temperatures of 500, 1000, 
and 1100°C for time periods of 20 to 3240 horns prior to tensile testing of straight­
sided centre hole notched specimens. It was found that the as-received material, in 
both a 0°/90° and ± 45° orientation, exhibited non-brittle behaviour and moderate 
notch sensitivity at room temperature. Results from the testing of the material with a 
± 45° orientation at 1000°C showed an increased fracture stress and strain compared 
to that at room temperature, believed to be a result of matrix sintering and creep 
during the test. Thermal aging of the material in a 0°/90° orientation at 1000 and 
1100°C caused a progressive degradation in the strength and strain to failure, believed 
to be a result of matrix densification and increased fibre/matrix bonding. Thermal 
exposure of the material in a ± 45° orientation led to an increase in room temperature 
strength, but also caused an embrittlement of the material, which was also observed in 
the material in a 0°/90° orientation. After aging for 100 hours at 1100°C, the material 
was found to have failure characteristics similar to those of a monolithic ceramic. 
The authors suggested that some of the property degradation associated with the 
material might be a result of possible degradation of the fibre reinforcement.
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A novel manufacturing route based around colloidal processing has been investigated 
by Simon (2005). N610 and N720 fibres were utilised to reinforce a porous mullite 
matrix. The mullite matrix was formed from large mullite particles (dso ~ 1 pm) in a 
non-shrinking network where the formation of sintering necks between these particles 
was achieved using mullite nano-particles (dso <100 nm). This is a similar approach 
to that using mullite and alumina mixtures. It produced a material exhibiting good 
mechanical properties at room temperature and after long term high temperature 
aging. For example, see figure 2.13 where the material is compared to results from 
other studies.
(a) Aging Temperature [°Cj
Figure 2.13 The effect of thermal aging of 
material in a 0°/90° orientation on (a) tensile 
strength (b) Young’s modulus and (c) 
interlaminar shear strength (after Simon, 
2005).
(b ) A g ing  Tem pe ra tu re  [°C]
(c) Ag ing Tem perature [°C]
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The favoured approach of using mullite/ahunina mixtures as the matrix constituent 
has been specifically investigated by Fujita et al. (2004) where an attempt has been 
made to connect the composition, microstructure, and mechanical properties of 
candidate porous matrices. In this investigation, combinations of the modulus and 
toughness of the fibre and matrix were used to identify the conditions required for a 
damage tolerant material. The authors have combined a model based on bonded 
particle aggregates with experimental results to determine a critical aging time at 
which the matrix loses its damage tolerant nature. The authors conclude that the 
critical time for an aging temperature of 1200°C is in excess of 10000 hours for 
mullite rich mixtures.
A number of ‘in-service’ investigations have been conducted into porous matrix 
CMCs. Staehler and Zawa^CX. (2000) have investigated a number of different CMCs 
in-service on a General Electric FI 10 turbofan engine. It was found that the 
N720/aluminosilicate material possessed excellent strength retention, but suffered 
from severe wear. Importantly, there was no evidence reported of environmental 
attack on the material. More recently Zawada et al. (2003) have investigated the 
effect of moisture and salt fog on a number of different CMCs, including 
N610/aluminosilicate and N720/Al2O3 materials, tested at temperatures up to 1000°C 
for the N610 and 1200°C for the N720 based material. It was found that the presence 
of moisture during the fatigue testing had no effect on the all-oxide CMCs 
investigated. Parthasarathy et al. (2005) have evaluated N720/aluminosilicate and 
N7 2 O/AI2O3 materials for use in a novel combustor wall which experiences higher 
wall temperatures than conventional ones. It was found that the aluminosilcate matrix 
experienced cracking whilst the weaker alumina matrix did not and performed in a 
satisfactory manner. The authors conclude that a combined mechanical 
modelling/design/materials development approach is required in order for the 
accelerated transition of CMCs to applications. For example, tailored fibre 
architectures were identified as being an important step to moving CMCs into 
applications.
Table 2.4 is a summary of mechanical properties for a number of selected all-oxide 
porous matrix CMCs that have been investigated and contain an N720 fibre 
reinforcement. It can be seen that, despite the different material combinations and test
48
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methods utilised, there is a good agreement between the values for the Young’s 
modulus of the material, at around 60 - 70 GPa. The strengths of the materials are 
typically in the range of 150 -  250 MPa. There is a reasonable agreement if systems 
of similar materials are compared. The variations between the values reported will be 
dependent on a wide range of factors, including porosity content (matrix and 
composite), fibre architecture, manufacturing variables (temperature, particle size, 
pressure) as well as test variables (test type, testing temperature, strain rate).
In summary, it appears that good progress is being made towards the exploitation of 
porous matrix all-oxide CMCs. The specific requirements of a design situation are 
likely to determine the appropriate fibre reinforcement, although for most applications 
the N720 fibre will be preferred due to its better performance at elevated temperatures 
compared to the N610 fibre. Similarly, densification of the matrix is critical in 
defining the performance of the material and further research is on-going into the 
determination of suitable matrix compositions. The addition of YAG to an alumina 
matrix appears to show good potential, as does the colloidal processing route 
described by Simon (2005).
49
Chapter 2: Literature review
I
s
0 0
cd
O o  o  o  o  oo in o  ^(N N M M
OO CN oo i>
m o  
cn  cn  
CN <N
cN in 
» n  VO
VO
CN
i n
•'d*
O OV o  
o o  cn
in
o
<N
i
mov
CO
p
1o
ccS
%
o
o
VO
O X 
«0 VO
OO
csv
o  o  vo r~~ O "3- —ivo vo t~-
-si-
■
oovo
X
<u
af t
I
00c
0 0 O0 0 0
0 0 O
0 0 O
N* ^n vorTD t-H t—H T—1
s
TO cd cd cd
P m CO co CO
a J M 1
f t  CN CN CN
CO u
< c2 <2 cS
•rJ
<1> <D (D
.fc j .u .fcj
Ph Ph P-4
ooo
XS O<D CN
8 -
& 1 « *  
J-H CO
^  £
CO O<! jo 
o  o
CN
O_  o 
X  O  <D o
a 2f t 1-1<L> 4-Ji CvJ
9"X3
CO <D
c  ts
D
H
O  Oo  o 
O  O  o  cn 
CN CN
cd cd 
<L> <D*-• V-t
<U
.g .g
X  to
a  aa  ftI a9  9 .
CO CO 
<  <
X
<u
a
&
<L>Ba
CO<
U
o  
O  
X  0
I ~ft 3  
£  «  
£  a
o  
X  
o  
o  
o
c o
C
X )
§
&
a  §
CO o
<  M
©
o
U  O
o  o  
O  O  
O  O  
CN cn
ccS ccS
J §
O
o
x s
CD
a
a
2
a
1COc
x s  
x  2CO rj
10 X 
H
co
S3
o
H
H
’Td
a 0  ^
<D <D ^
4=) ^
4-» ^
£ a  «
m <^ > s
sIx
<u
*
'B
<D
o *1
cn
X<D
E
• i-HCOa
<u
H
Xa C<D 4JrP JO
f t
CO CO
+<U
13 11 1 c•a 0
S3
CCS
s 0(N
os a
0 <u
S3
+
00 CZ1 XCL>
Its< : < :
0 0 43
CN CN
s> r~~
% £ M
nJ-
O
f t
X
os
O
(N
X
11 <
z a
+
ccS
•a
01
R  a>
0 3
£  3  l" -  sz a
+
+
a £ aX v 1 t X
00 3 § 3
< ! 3 CCSS3
a  w .a
0 0 ■ 01 0  ■§ 0
CN (N S cn a CN
I> I ' ' 3 0  o O
z z 3 Z 3 z
<D
/—v
OO
OV
CSV
O r—1
OS 'W '
0) i\IH
c a
<u
pcj
>
<D
h J
3
a3
1
o
CO
o
o
o
CN
X
o• T—<COi
P i
o
o
o
CN
o
o
o
CN
cd
&
a31
w
1
5
o
o
o
CN a
o
CN
o
o
CN
X
i  cp
to  O  
•3  $N,
M a3
O  §
«  *3
10
o
o
a ,
S3
o
a
00
50
Chapter 2: Literature review
2.5.4. Interphase systems
Porous matrix composites are designed to incorporate a relatively strong fibre/matrix 
interface and so initially there was no interest in the incorporation of an interphase. 
However, more recently there have been investigations into the incorporation of an 
interphase in these materials. Saruhan et al. (2001) have investigated the use of 
double layer inteiphases (carbon (fugitive)/Zr0 2  or AI2O3) produced by a CVD- 
process. The presence of the dense oxide interphase layer between the porous matrix 
and fibre was reported to significantly increase the strength of the composite. The 
authors report that the composite was found to be more stable under cyclic loading 
than for prolonged thermal exposures. Keller et al. (2000) have also investigated the 
effect of a fugitive carbon interphase in a N720 fibre reinforced mullite/alumina 
matrix and reported that the composite strength was independent of the interface. 
Kaya et al. (2002), have investigated the incorporation of an NdP04 interphase 
around reinforcing fibres within a matrix containing homogeneously distributed ultra- 
fine pores. Weak bonding between the matrix and interphase and fibre and interphase 
was reported. It was found that the material retained its room temperature flexural 
strength and damage tolerance to a testing temperature of 1300°C as well as after 
thermal cycling for up to 300 cycles between room temperature and 1150°C (with a 
hold time of 15 minutes).
2.6 . CONCLUDING REMARKS
It is apparent that research so far into oxide-oxide ceramic matrix composites has 
followed two distinct paths, namely the utilisation of either a dense matrix or a porous 
matrix. Although these two approaches are quite different, they are both designed to 
result in a damage tolerant material.
There has been a greater quantity of research into dense matrix oxide CMCs 
compared to porous oxide. So far, the majority of research into dense matrix oxide 
CMCs has followed a very empirical approach to discovering suitable inteiphase 
candidates. Although a number of authors have identified important micromechanical 
parameters that will determine the behaviour of such systems, there are no
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comprehensive models that allow the prediction of behaviour after prolonged aging 
treatments. This lack of modelling implies that further research, particular on a 
microstructural level, is required in order to gain an understanding of the long term 
behaviour of these materials at elevated temperatures.
In the case of porous matrix oxide CMCs, although the basic mechanical requirements 
are known, there has only been a limited number of long term elevated temperature 
studies. Key factors would appear to be fibre degradation and densification of the 
matrix. The multiple impregnation and pyrolysis of an alumina precursor has been 
the favoured approach in order to control matrix densification during elevated 
temperature aging. Alumina matrix systems have received very little attention, 
confirming the need for this study.
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C h a p t e r  3  
E x p e r im e n t a l  D e t a il s
3 .1 . INTRODUCTION
This chapter is split into five different sections. The first section details the material 
supplied for investigation. The second section details the techniques used for the 
preparation and characterisation of the material. This is then followed by a section 
that describes the experimental details relating to the thermal aging of material. Next 
is a section that details the techniques for the microstructural characterisation of the 
material arid the final sections describe the mechanical testing of the material.
3.2. MATERIAL
The material used in this investigation was supplied by an industrial partner and 
manufactured by COI Ceramics Inc. The material was a Nextel 720 fibre reinforced 
porous alumina matrix composite (N720(f)/alumina). The fibre reinforcement was in 
the form of an eight harness satin weave (8HSW) cloth with 14 plies of this material 
stacked together. Nextel 720 fibres are manufactured by 3M pic; the properties of the 
fibres have been given earlier in table 2.2. Information provided by the COI ceramics 
website* indicates that the matrix is initially a viscous slurry, which is infiltrated into 
the woven preform. The matrix infiltrated woven pre-forms are dried to a tacky 
consistency and are then stacked on top of each other to the required thickness. The 
plies are laid up on suitable tooling, if required, and then cured using low pressure and 
temperature, approximately <148°C and <0.69 MPa. Once removed from the tooling, 
the composite material is subjected to a final pressureless sinter at a temperature 
between 982°C and 1148°C. The manufacturing route can be seen in figure 3.1.
www.coiceramics .com
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The properties of the specific laminate have been supplied by the manufacturer as a 
matrix volume of 28.7 %. The fibre volume is 46.1 % whilst the material contains 
25.2% open porosity. The bulk density of the material was reported as being 2.72
Figure 3.1 Schematic diagram showing the manufacturing process used by COI 
Ceramics (Source : COI ceramics website [www.coiceramics.com])
The material supplied for investigation consisted of a plate of material from which 
‘dog-bone’ shaped tensile test specimens had been water-jet cut. The supplied 
material can be seen in figure 3.2. It can be seen that the material exists as long 
fingers with wider central regions, which can be seen in more detail in figure 3.3. The 
material used for thermal aging consisted of a finger of material, essentially the wider 
central region, as seen in figure 3.2 where the finger on the far right hand side of the 
image has been cut in preparation for thermal aging. It was noted that the material at 
the edges of the plate was of poor quality.
Lay-Up Plies 
On Tooling
Free Standing 
Post Cure
54
Chapter 3 : Experimental Details
150 mm
Figure 3.2 Digital image of the as-received N720(f/alumina material.
Figure 3.3 Digital image of a finger of material cut from the as-received 
N720(f/alumina material (scale is in mm).
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3.3 . Sam ple Preparation for M icroscopy
3.3.1. Introduction
In order to investigate the microstructure of the thermally aged material in the optical 
and scanning electron microscope (SEM), it was necessary to section, mount and then 
polish the material so that it was flat. This is in order to be able to characterise the 
matrix, the porosity contained within the matrix and the fibre reinforcement. Due to 
the non-conducting nature of the material, it was also necessary to coat the samples 
with a very thin conducting layer in order to prevent ‘charging’ in the electron 
microscope.
3.3.2. Cutting
hi order to prepare the thermally aged material for microscopical observation a water 
cooled Struers Discotom-2 with a 32 TRE cutting wheel was used to cut the plate of 
material. A Struers Accutom-5 cutting machine was then used to prepare the 
individual fmgers of material. A diamond cutting wheel, 352 CA, was used at a 
rotational speed of 3000 rpm together with a water based lubricant. A section of the 
material was cut from the thin regions for examination in the SEM.
3.3.3. Mounting
Once the material had been cut, it was necessary to mount the samples prior to 
polishing. Due to their porous nature the CMC samples were vacuum mounted in 
Epofix, an epoxy resin material manufactured by Struers. Alumina powder was added 
to the resin so that it would wear at a similar rate to the samples. This technique is 
advantageous because it fills the porosity and cracks with resin and so limits damage 
and material loss during subsequent grinding and polishing.
The cut samples were placed in a plastic mould with the face of interest downwards. 
The Epofix resin system was then mixed in the appropriate proportions, including the 
addition of alumina powder, in a plastic cup. This was then placed next to the
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vacuum mounting machine (Epovac from Struers). The plastic moulds, containing 
the samples, were then placed onto the vacuum machine and a thick circular glass 
wall was placed around the samples. A flat glass plate was placed onto the circular 
glass wall along with a rubber seal. A thin plastic tube was fed through the top glass 
plate with the other end placed in the plastic cup containing the resin. A clamp was 
used to seal the tube during the evacuation of the vacuum chamber. The chamber was 
evacuated to approximately 50 mbar pressure before the clamp on the tube was slowly 
released and resin was directed into the moulds. Once the moulds were filled, the 
tube was sealed again and the moulds were left under vacuum for a few minutes in 
order to remove as much air from the resin as possible. After this time, the vacuum 
pump was stopped and air was slowly allowed into the chamber until room pressure 
was reached. The moulds were then placed to one side for 24 hours until the resin had 
fully cured and hardened. Once hardened, the samples were removed from the 
moulds and labelled.
3.3.4. Grinding and Polishing
Due to the addition of alumina powder to the mounting resin diamond grinding and 
polishing wheels were used. All the samples were ground and polished using a 
Struers Planopol-2 machine and Pedemax-2 rotating head sample holder. The 
grinding and polishing routines for the different samples have been summarised in 
tables 3.1 and 3.2. All samples were cleaned ultrasonically in water between each 
grinding and polishing stage. An optical microscope was used between each grinding 
and polishing step to observe the sample and ensure that the samples were being 
prepared correctly.
Table 3.1 Regime used to grind the mounted CMC samples.
Stage I II III IV V
Grit / Grain size 75 pm 40 pm 20 pm 30 pm 10 pm
Speed / rpm 300 300 300 300 300
Pressure / N 90* 90* $90 *90 90*
Time / minutes Until, flat 5 5 5 8
57
Chapter 3 :  Experimental Details
Table 3.2 Regime used to polish the mounted CMC samples.
Stage I II
Grit / Grain size 6 pm 1 pm
Speed / rpm 150 150
Pressure / N 90*
*
90
Time / minutes 5 5
* a pressure of 30 N per sample was used during the ceramographic sample 
preparation and typically three samples from the same aging set were prepared at the 
same time.
3.3.5. Application of a conducting layer
In order to prevent ‘charging’ of the samples within the scanning electron microscope 
it was necessary to coat them in a conducting layer of either carbon or gold. The 
carbon coating was utilised in application were chemical analysis by energy 
dispersive x-ray analysis was required. This is because there is a potential for a gold 
coating to ‘hide’ elements with a lower atomic number than itself. A gold coating 
was applied to the fracture surfaces of samples as it was found that the carbon coating 
was insufficient.
The carbon coating equipment was an Edwards evaporation unit that heats two carbon 
rods in a vacuum until carbon evaporates and coats the chamber and sample. Samples 
were coated for approximately 30 seconds, although it should be noted that this 
technique is limited by a Tine of sight’ principle. The gold coating was applied using 
an Edwards sputter coater, S150B, which creates a ‘cloud’ of gold that is deposited 
evenly upon die sample. Samples were coated for approximately 90 seconds in total.
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3.4. Sam ple Preparation for Transm ission Electron  
M icroscopy
In order to perform transmission electron microscopy on the samples, it was necessary 
to thin the thermally aged material sufficiently so that the electron beam could pass 
through the material. The material that was investigated in the transmission electron 
microscope (TEM) was cut from the thin sections of thermally aged material, which 
were approximately 3 mm wide and 1.2 mm thick. Once cut, the sample material was 
wax mounted onto an aluminium block and then thinned by hand by using silicon 
carbide (SiC) polishing cloths and water as a lubricant. The thinning was done in a 
number of steps using increasingly finer grit size, until the final polish of grit size 
4000. Once the material had been thinned by approximately 0.5 mm it was removed 
from the aluminium block and the process was repeated on the other side.
Slotted nickel grids, of approximately 3mm diameter, were then stuck onto one of the 
polished sides of the thinned material using a two-part quickly curing adhesive, 
Araldite rapid™. A slower curing adhesive was initially used, but it was found that 
the grids often moved out of position as the adhesive was not sufficiently viscous to 
hold them in place. The adhesive was applied onto one side of the grid, which was 
then placed carefully onto the thinned material. Depending on the length of polished 
material, typically between four and six grids were adhered to the polished sample.
The sample material was placed on a glass slide and placed into an oven overnight at 
approximately 50°C to aid curing. It was found that the material became stuck to the 
glass slides and could not be removed without damaging the samples. It is believed 
that the reason for this can be attributed to the porous nature of the matrix material. It 
was found that a layer of cling film wrapped around the slide prevented the samples 
from adhering to the slide.
Once the nickel grids had stuck to the sample material, the grids were separated by 
cutting the material using a scalpel and any excess material was trimmed off. The 
samples were then further thinned using silicon carbide paper and a water lubricant. 
The samples were wax mounted onto a small stub that fits into a hand held polishing
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mount (Gatan Disc Grinder 623). The polishing mount allows fine control of the 
amount of material being removed through the use of a twisting height adjustment. 
The samples were polished using SiC polishing papers of reducing grit size, such that 
the final polish was done with a 4000 SiC grit size and resulted in the sample and grid 
thickness being less than 80 pm.
Once the mounted samples were sufficiently thin (i.e. approximately 80 pm thick), 
they were placed into a precision ion polishing system (PIPS), manufactured by 
Gatan. Using tweezers, a sample is placed into a removable sample holder. The 
sample holder is then placed into the PIPS, where the sample chamber is placed under 
vacuum. Argon ions are then bombarded onto the sample as it rotates, causing the 
loss of material and resulting in a thinned ‘electron transparent’ region at the centre of 
the sample.
Great difficulty was experienced in preparing TEM samples. The porous and brittle 
nature of the material meant that during handling and preparation, pieces of material 
‘fell out’. Initially, copper support grids, which had circular openings, were tested. 
However, these grids provided very limited support to the sample material and 
consequently it was very difficult to produce samples. Slotted nickel support grids 
were then tested and used as these provided a larger region over which the sample 
was supported. Furthermore, when the samples were thinned in the PIPS, pieces of 
material ‘fell out’ as regions of material became too heavy to be self-supported, and 
the presence of cracks and porosity caused weak regions. Finally, samples only had a 
limited lifetime after being thinned by PIPS before the thin region was lost and a new 
sample would be required due to damage caused by handling and the electron beam in 
the TEM.
3.5. Therm al Aging
Two sets of thermal aging experiments were conducted which can be divided into 
short term and long term aging. A temperature of 1100°C was selected for the long­
term thermal exposure of the N720(f)/alumina as this is slightly below the maximum 
recommended operating temperature of the N720 fibres. The long term aging
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samples were then aged for 500, 1000, 1500, 2000 and 4000 hours. A further set of 
samples were aged at 1200°C for 500 and 1000 hours. The short term aging 
experiments were conducted for 200 hours each at temperatures of 1100°C, 1200°C, 
1300°C, 1400°C, and 1480°C. The thermal aging at 1480°C was designed to be at 
1500°C, but due to heat loss from the furnace the actual aging temperature was found 
to be 1480°C.
Samples to be thermally aged were placed in re-crystallised alumina furnace boats. 
Samples were cut from the finger of material, as seen on the right in figure 3.2, such 
that the thinner end sections were detached from the central wider region.
Long-teim thermal aging treatments were conducted in a horizontal three zone tube 
furnace manufactured by Carbolite Furnaces Ltd (model TZF 12/100). The furnace 
tube used for thermal aging was newly installed. The temperature in each zone was 
monitored internally by the furnace using thermocouples that were connected to the 
furnace controllers. The centre zone furnace controller was a Eurotheim type 818 
controller whilst the two end zones were controlled by Eurotherm type 815 
controllers. Each zone also had an over-temperature controller, (Eurotherm type 106) 
which was set manually.
Sample aging at 1200°C for 500 and 1000 horns as well as the short term thermal 
aging was conducted in a tube furnace manufactured by Elite Thermal Systems Ltd 
(model TSH15/75/450). The furnace was fitted with a Eurotherm 2416 controller and 
a Eurotherm 2116 over-temperature controller. The furnace was also supplied with a 
probe thermocouple and controller on the furnace in order to independently monitor 
the furnace temperature.
All of the samples that were thermally aged were heated at a rate of 3°C/min from 
room temperature to a temperature of 1000°C, after which they were held for 30 
minutes to allow the furnace temperature to stabilise. Samples were then further 
heated at the same rate to the final aging temperature. Once the samples had been 
aged for the appropriate time at temperature the furnaces were cooled at a rate of 
3°C/min. Once the Elite furnace had reached a temperature of 250°C, power to the
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elements was automatically switched off. All of the furnaces used in this 
investigation had furnace zones open to the surrounding atmosphere.
Samples that were subjected to the extended aging at 1100°C in the Carbolite furnace 
were all placed in the furnace zone at the same time at room temperature. Once the 
appropriate quantity of aging time had passed, a furnace crucible was removed from 
the furnace hot zone by hooking a metal rod into the eye of the crucible and pulling it 
out along the furnace tube. It was possible to have all the material that was to be 
thermally aged in this regime in the furnace at the same time as this furnace had a 
sufficiently large hot zone.
The samples that were aged at 1200°C for 500 and 1000 hours were placed in the 
centre of the hot zone of the Elite furnace at the same time. After 500 hours one set of 
samples was removed and heating continued until the remaining samples had been 
aged for 1000 hours. Samples that were aged in the Elite furnace for the shorter time 
period of 200 horns at varying temperatures were aged one set at a time. These 
samples were subjected to the same heating rates as those described above. The 
crucible of material was positioned in the furnace such that it was in the centre of the 
furnace.
3.6. Density M easurem ent
In order to calculate the density of the CMC samples, the Archimedes immersion 
principle was used. An electronic balance (Sartorius LA2305) and density measuring 
kit (Sartorius YDK01) were used. Samples were heated and then coated in a layer of 
wax in order to seal the open porosity present in the sample. However, this technique 
produced variable results as the manipulation of the sample caused a degradation in 
the wax coating and the sample was never fully sealed. It was found that a thin 
coating of nail gloss evenly applied to the samples created a complete seal. This 
technique was used for all density measurements. The difference in mass between the 
sample weighed in air and weighed in distilled water was determined in order to 
calculate the density of the sample, using the following equation:
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W (a)-p(fl)
P W (a)-W (fl)  9 ' '
where p  is the density of the sample, p(fl) is the density of distilled water, W(a) is the 
weight of the sample in air and W(fl) is the weight of the sample in distilled water.
3.7. M icrostructural C haracterization
3.7.1. Introduction
A variety of different investigative techniques have been employed to characterise 
both the as-received and thermally aged material. Reflected light microscopy, 
reflected light stereo microscopy, scanning electron microscopy and transmission 
electron microscopy have been utilised in order to conduct microstructural analysis of 
the material. This includes the characterisation of the matrix, the fibrous 
reinforcement, the fibre/matrix interface, porosity that may be present as well as 
cracking within the material. Where available, chemical analysis was used to 
investigate the material in the scanning electron microscope (SEM) and transmission 
electron microscope (TEM).
Chemical analysis of the material was conducted using energy dispersive x-ray 
analysis (EDX) in both the SEM and TEM, with selected area diffraction (SAD) and 
parallel electron energy loss spectroscopy (PEELS) being used in the TEM.
3.7.2. Reflected Light Microscopy
A Zeiss Axiophot reflected light microscope was used to make an initial examination 
of all the samples and to control the quality of sample polishing. A digital camera 
(Zeiss Axiocam) was attached to the microscope. The samples were observed using 
polarised light in order to enhance the contrast of the samples. Images were taken 
using the equipment in conjunction with AxioVision™ software running on a 
computer.
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3.7.3. Reflected Light Stereo Microscopy
A stereo reflected light microscope (Olympus SZTR) was also used to investigate 
samples. Specifically, this instrument was used to record the fracture zones of the 
mechanically tested thermally aged samples. Images of the samples were recorded 
using the Zeiss Axiocam and associated software by transferring the camera from the 
Zeiss Axiophot microscope.
3.7.4. Scanning Electron Microscopy
A variable pressure Hitachi environmental S-3200N scanning electron microscope 
(SEM) was used to characterise the microstructure of the samples. The SEM was 
used in both the enviromnental and high vacuum modes with an accelerating voltage 
of typically 15 kV. Conducting silver tape was placed over the edges of the sample 
and sample holder in order to help conduct charge away and prevent it from 
accumulating on the sample. When the environmental mode was used for 
examination, only back scattered electrons could be detected, using a Robinson 
detector, and used to form an image. It was found that better images of the samples 
could be obtained if a carbon coating was applied and the SEM was used in a high 
vacuum mode, as opposed to an environmental mode (lower vacuum level). In order 
to investigate the fracture surfaces of samples post bend testing it was necessary to 
gold coat the samples as the carbon coating was found to be insufficient for the 
purpose.
A second SEM, a JEOL JXA-8600 Superprobe, was also used to investigate samples. 
This SEM is able to perform quantitative EDX analysis on samples by use of the 
appropriate standards.
Problems were encountered when trying to obtain images of the samples. This 
included the samples ‘shifting’ within the SEM leading to lower resolution imaging 
being utilised in order to speed up the image capture process. Images were obtained 
of the matrix only regions within each sample so that a basic image analysis could be 
performed. This was done in order to determine the quantity of porosity present 
within the matrix of the material.
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3.7.5. Transmission Electron Microscopy
Transmission election microscopy was conducted using two different instruments. 
One microscope was a Philips 400T transmission electron microscope with a 
maximum accelerating voltage of 120 kV. The second microscope was a Philips 
CM200 with a maximum accelerating voltage of 200 kV. The CM200 instrument is 
equipped with a LaB6 filament and a parallel electron energy loss spectroscopy 
(PEELS) system. The main investigation was conducted using the Philips CM200 
instrument. This instrument is fitted with a Gatan image filter (GIF) system which 
allows digital images of the sample to be recorded. Once recorded, the image is 
processed using Gatan DigitalMicrograph™ software.
The Philips 400T instrument is relatively old and was used as an initial aid to 
understanding the material. Images were recorded onto film.
3.7.6. Energy Dispersive X-ray analysis
Energy dispersive X-ray analysis (EDX) was performed in both the SEM and TEM in 
order to identify the chemical elements present within the samples. The EDX 
equipment was supplied by Oxford Analytical and was used in conjunction with Link 
ISIS analytical software.
3.7.7. Selected Area Diffraction
Selected area diffraction (SAD) was possible on the Philips CM200 and 400T 
transmission electron microscope. This was utilised, with limited success, to 
characterise different regions of the sample. This technique is best applied to features 
of interest that are a minimum size of ~ 1 pm, which is larger than the majority of 
features being investigated within the samples.
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3.7.8. Parallel electron energy loss spectroscopy
Parallel electron energy loss spectroscopy (PEELS) was available for use on the 
Philips CM200 TEM. This spectroscopy technique utilizes the specific energy loss 
associated with electrons that are inelastically scattered by the sample. The technique 
is capable of providing a large quantity of information from the region being 
analysed, including chemical bonding information.
3.8. X -ray d iffraction
X-ray diffraction measurements were conducted using a Phillips diffractometer with a 
PW1710 diffractometer control. The X-rays were generated from a copper source, 
providing a X-ray beam with a wavelength corresponding to Cu Ka, 1.54 A, and were 
monochromated by a nickel filter. Measurements were recorded between angles of 
20° to 120° at 0.1° intervals. JCPDS cards were used to identify the peak positions 
found.
3.9. M echanical testing
Three-point bend testing was used to characterise the effect of thermal aging on the 
physical properties of the material. The bend testing was used to determine the 
fracture strength, Young’s modulus and work of fracture for the samples and the 
variations of these properties with thermal aging. The experimental details for this 
technique are described in Chapter 6.
3.10 . M icro-hardness M easurem ent
A Zwick micro-hardness indentor was used to characterise the thermally aged 
material. A Vickers diamond indentor was used with a 300 g load. It was anticipated 
that the microhardness measurements would allow an accurate characterisation of the 
matrix at the different aging steps. The area indented was always matrix rich, i.e. in 
between the reinforcing fibre tows.
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3.11 . Concluding Rem arks
This chapter has detailed the experimental procedures and techniques used in this 
investigation. Chapter 4 contains the results from the SEM investigation, Chapter 5 
contains the results from the TEM investigation and Chapter 6 contains the results 
from the mechanical testing.
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C h a p t e r  4  
S c a n n in g  E l e c t r o n  M ic r o s c o p y  
I n v e s t ig a t io n
4 .1 . INTRODUCTION
Scanning election microscopy was used to investigate the as-received material and 
samples of all of the thermally aged material. Due to problems associated with 
imaging of the individual samples, two different instruments were used. The samples 
were examined over a range of magnifications, from x45 to x20000. It was found that 
it was necessary to coat the samples with a thin layer of either carbon or gold in order 
to aid observation in the microscope. A carbon coating was chosen if the sample was 
to undergo chemical analysis whilst a gold coating was more appropriate for fracture 
surfaces. Chemical analysis was performed on the samples by EDX analysis with all 
of the corresponding results reported as wt%.
This chapter is divided up into sections which detail the as-received material, the 
effect of short-term aging on the material and the effect of long term aging on the 
material. Within each section the results of the chemical analyses are also presented. 
Furthermore, within each section there are data from characterisation of the material 
in terms of area fraction of porosity. These results were obtained from image 
analyses performed on greyscale SEM micrographs.
4 .2 . AS-RECEIVED M ATERIAL
Low magnification micrographs of the as-received material can be seen in figure 4.1a 
and b. In figure 4.1a it can be seen that the material consists of stacked layers of the 
reinforcing cloth. The cloth is constructed in an 8HSW that results in fibres that are
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orientated perpendicular to each other within the individual layers. The matrix has 
been infiltrated into the stacked layers such that it is found in-between the layers of 
cloth and within the fibre bundles. Large voids were observed in the as-received 
material and are believed to arise from two possible sources: incomplete infiltration of 
the matrix slurry into the fibre perform and the inability of gas to escape form the 
matrix infiltrated perform. An example of in-complete infiltration can be seen in the 
area circled in figure 4.1b where it would appear that the close proximity of two 
different fibre bundles appears to have prevented complete slurry infiltration into the 
fibre perform during manufacture. The presence of porosity within the fibre bundles 
could be the result of entrapped gas or the packing of the fibres preventing matrix 
infiltration, an example of which can be seen in figure 4.1c. The woven nature of the 
fibre reinforcement will increase the resistance to matrix infiltration by making the 
infiltration path more tortuous.
\
m  HSIBi fl i
■' * -  - ' T  ■'<*
— r*. •• .V iV  -
-  -
(b)
Figure 4.1 Low magnification SEM micrographs 
of the as-received material showing the 
presence of voids and (b) incomplete 
matrix infiltration between fibre bundles 
and (c) voids present within fibre bundles 
due to the filtering effect of the fibres.
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Further examples of the voids that are believed to arise during the material processing 
can be seen circled in the centre of figure 4.2a. The spherical nature of the large voids 
and their relatively smooth surface can be seen at a higher magnification in figure 
4.2b and supports the conclusion that these voids have been created by gas trapped 
with the matrix infiltrated fibre perform.
Figure 4.2 SEM micrograph of the as-received material showing the presence of (a)
large spherical voids (circled) within the matrix and (b) the spherical, 
smooth sided nature of the void suggesting it has formed as a result of gas 
entrapment in the matrix slurry during matrix infiltration.
It was also observed that the as-received material contained a large quantity of 
regularly spaced cracking that was perpendicular to the layers of fibre reinforcement, 
as can be seen in figures 4.1 and 4.2 o,. In figure 4.3 it can be seen that the cracks pass 
through both the matrix and the fibre reinforcement bundles. In this investigation it 
was found that the longitudinal fibres arrest the cracking within the material and that 
cracks pass through some of the transverse fibre bundles, as well as being deflected 
by them, as can be seen in figure 4.3. The cracking could either be a result of material 
shrinkage during processing, prior to the final sinter step, when there has not been an 
opportunity for fibre/matrix bonding to occur, or alternatively, it has occurred during 
cooling from the final sintering of the material due to a result in a mismatch in 
coefficient of thermal expansion.
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Figure 4.3 SEM micrograph showing cracks arrested at longitudinal fibres in the 
matrix (1) and cracks being arrested at transverse fibre bundles (2) as well 
as passing through them (3).
A detailed examination of the matrix-rich regions that occur within the material can 
be seen in figure 4.4. It was observed that the fine-scale porosity appears to be of a 
constant size and dispersed homogeneously, although a few slightly larger voids also 
exist. Secondly, relatively large pores/manufacturing defects exist within the matrix 
of the material. Finally, relatively fine-scale cracking was also detected within the 
matrix and was observed to bridge the gap between fibre bundles.
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50 p.m
Figure 4.4 SEM micrograph of the as-received material showing a matrix-rich region.
The presence of larger pores (1), manufacturing voids (2) and a fine crack 
(3) can be observed.
It was found that it was difficult to perform chemical analysis in the S-3200N SEM 
due to drift of the sample. Therefore, EDX analysis of the samples was conducted in 
the JEOL 8600 Microprobe, which is more suitable for quantitative chemical analysis. 
A number of spot analyses were undertaken of the fibres. The matrix regions were 
also investigated at least one fibre diameter away from the nearest fibres, as can be 
seen in figure 4.5a. It was found that, as expected, both areas had significant amounts 
of aluminium and oxygen but that no significant amount of silicon was detected in the 
matrix regions (figure 4.5b). Linescan chemical analysis was also performed on the 
samples, the results of which can be seen in figure 4.6. The results show a steep 
increase in silicon content across the fibre and matrix interface and the presence of 
silicon across the fibre.
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Fig 4.5 EDX spot analysis of the as-received 
sample, (a) The matrix region 
investigated (upper box in figure) and 
the fibre investigated (lower box in 
figure) (b) the EDX results where the 
solid yellow spectrum is from the 
matrix and the trace red line is from 
the fibre and (c) results of EDX 
analyses.
Spectrum O Al Si Total
Spectrum 1 38.72 45.51 0.61 84.84
Spectrum 2 45.57 44.33 5.02 94.92
(c)
It would appear in figure 4.6 that the fibre reinforcement is well bonded to the matrix 
such that there does not appear to be any gap between the two constituents, except for 
the porosity inherent in the material. The fibre diameter is approximately 12 pm. The 
non-circular appearance of the fibre is probably a result of the fibre impinging the 
plane of the micrograph in a non-perpendicular manner.
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Figure 4.6. A SEM micrograph with the results of EDX analysis superimposed. The 
coloured lines represent the relative intensity of the received signal from 
specific elements. Blue is aluminium, green is oxygen and red is silicon, 
whilst the yellow line is the line along which the analysis was 
performed. Note that the traces have been vertically displaced for 
clarity.
The investigation of the as-received material has revealed the presence of voids and 
cracking within the material. It appears that these defects have arisen during 
processing, as a result of incomplete matrix slurry infiltration and entrapment of gas, 
as well as during the sintering of the material. As expected, it was found that the 
matrix consists of aluminium and oxygen, whilst the fibres were found to contain 
aluminium, oxygen and silicon.
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4 .3 . SHORT TERM THERMAL AGING
Overview SEM micrographs of samples subjected to aging for 200 hours at varying 
temperatures can be seen in figure 4.7. It was found that all of these samples 
contained a similar- crack pattern to the as-received material, as well as regions of 
incomplete matrix infiltration. It was observed that the cracks passed through and 
around both the fibre bundles and matrix rich regions, as was found in the as-received 
material. A closer examination of the material aged at a temperature up to and 
including 1200°C (figure 4.7 a-c) appears to show that it is unaffected by the thermal 
aging. However, it would seem to appear that the cracks contained within the samples 
aged at 1300°C and higher (figure 4.7 d-f) have a greater gap between then faces, 
suggesting that there has been a change within the material. However, due to the 
inherent variability within the material it was not possible to quantity this effect, 
although it is more apparent in the matrix-rich regions.
Figure 4.8 is an SEM micrograph of the material aged for 200 hours at 1100°C. It can 
be seen that the material appears to be unchanged when compared to the as-received 
material. The material still contains cracking within both the fibre bundles and the 
matrix regions. Furthermore, larger pores and manufacturing related defects can be 
seen to be present within the matrix. The large crack visible in figure 4.8 also appears 
to have led to limited debonding occurring between the fibre and matrix. A similar 
area to that visible in figure 4.8 can be seen in figure 4.9 which is material that was 
aged at 1400°C for 200 hours. Again large-scale cracking, limited fibre/matrix 
debonding and voids are clearly visible, suggesting that the thermal aging has had no 
effect on the material. However, a closer comparison of the matrix-rich regions 
within the samples indicates that the material has changed. This point will be 
returned to later.
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Figure 4.8 SEM micrograph of material aged at 1100°C for 200 hours. A large crack 
is visible passing through a matrix-rich region and leading to limited 
fibre/matrix debonding (circled). Voids are also visible within the matrix 
and fibre bundles.
' iooiiHi 1
Figure 4.9 SEM micrograph of material aged at 1400°C for 200 hours. A large crack 
is visible passing through a matrix-rich region and leading to limited 
fibre/matrix debonding (circled). Voids are also visible within the fibre 
bundles.
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During the investigation of the samples, it was found that the fibres seemed to cause a 
relief effect during polishing. That is, on close examination of samples within the 
SEM, it was found that a small region adjacent to fibres, within large matrix-rich 
regions, appeared to display a slightly different microstructure. Examples of this 
effect can be seen in figure 4.10. In figure 4.10a, which shows as-received material, a 
fibre is visible on the left whilst the matrix is on the right hand side of the image. The 
area of matrix that appears different to the bulk area of this region is between the fibre 
and the line labelled A-B. The matrix features within this zone appear slightly finer 
and less well connected to each other than that found in the bulk area. In figure 4.10b, 
which shows material aged for 200 hours at 1480°C, the fibres that are perpendicular 
and coming out of the surface of the material have prevented full polishing from 
occurring between the fibres as well as in the region bounded by the fibres and the 
line C-D. Finally, figure 4.10c is a topographical SEM micrograph of the material 
aged for 200 hours at 1480°C taken at a tilt angle of 67°. The matrix regions around 
the fibre are slightly lower than the fibres and bulk regions of matrix. Therefore, 
these regions have not been fully polished.
(a)
Figure 4.10 SEM micrographs showing a 
variation in the matrix close to the 
fibre (a and b). (c) is a topographical 
image showing the fibres slightly 
protruding from the surrounding 
matrix.
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A closer examination of the matrix-rich regions within all of the aged samples 
provides definite evidence of microstructural changes occurring due to the thermal 
aging. Figure 4.11 is a collection of SEM micrographs of comparable matrix rich 
regions in the differently aged samples. In this figure it would appear that the alumina 
grains and porosity have coarsened and are more clearly defined. The coarsening 
effect does not appeal- pronounced for aging temperatures of 1100°C and 1200°C 
(figures 4.11 b and c, respectively) but for aging temperatures of 1300°C and above, 
there is a definite change in the microstructure of the material (figures 4.11 d, e and f).
An attempt to quantify the change in the microstructure of the matrix material was 
conducted by investigating the area fraction of porosity present within a number of 
matrix-rich regions within the samples. Due to the microstructural variations in the 
matrix-rich regions discussed above and shown in figure 4.10, only relatively large 
matrix-rich regions were investigated in the samples in an attempt to minimise this 
sample preparation effect. A minimum of 5 regions were investigated per sample at 
the same magnification and the results were averaged. Image analysis was conducted 
by converting SEM digital micrographs to greyscale images and then using an 
individual automated measurement programme within the software application 
AxioVision™ version 4.3. The programme provides individual analysis of images to 
allow correction for brightness and contrast variations across the samples.
The results of the image analysis performed on the matrix regions can be seen in 
figure 4.12. It can be seen that up to an aging temperature of 1200°C, the porosity 
content in the matrix remains approximately constant. However, after thermal aging 
at temperatures of 1300°C and above, there is a decrease in the quantity of porosity 
present within the matrix. These results suggest that the alumina matrix is densifying, 
as opposed to coarsening, as discussed previously, during the thermal aging. If 
coarsening were occurring, it would be expected that the quantity of porosity within 
the matrix-rich regions would remain approximately constant whilst the grain and 
pore size would increase.
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Aging Temperature (°C)
Figure 4.12 Variation in the porosity of matrix-rich regions as a function of aging 
temperature for an aging period of 200 hours.
The sample densities were also measured after thermal aging and the results can be 
seen in figure 4.13. The data were normalised to an as-received material value of 2.68 
g cm'3. It can be seen that there is a definite trend of an increase in density, although 
small, with increasing aging temperature, to a maximum increase of 6.2 % at a 
temperature of 1480°C. It was found from measurements of sample dimensions, 
before and after thermal aging, that there was a small decrease in thickness and width 
for an aging temperature of 1200°C, as can be seen in table 4.1. It can also be seen 
that as the aging temperature is increased, the reduction in sample dimensions also 
increases. It would appear that the change in sample width is consistently less than 
the change in thickness, suggesting that the fibre reinforcement is preventing 
composite densification within the cloth layers. The densification of the matrix in­
plane is possible within matrix-rich regions, but, the fibre skeleton acts as a constraint 
such that cracks open and regions debond. Perpendicular to the plane of the material, 
through thickness, the densification of the matrix will only be constrained when the 
fibre layers approach each other, and so the material is able to density by a reduction 
in thickness to this point.
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Table 4.1 Variation in sample thickness and width as a function of aging temperature.
Aging Temperature
(°C)
% Change
Thickness Width
1100 -0.03 -0.23
1200 -0.49 -0.41
1300 -1.86 -0.99
1400 -1.68 -0.59
1480 -2.61 -1.51
1.10
1.05  
1.00
Normalised 
Density
0 .95  
0 .90  
0 .85  
0 .80
0  200  400  600  800  1000 1200 1400 1600
Aging Temperature (°C)
Figure 4.13 Variation in the density of samples as a function of aging temperature for 
an aging period of 200 hours.
As well as a change occurring within the matrix regions in the sample due to thermal 
aging, a difference was also observed in the microstructure of the fibres. Differences 
were first observed in the samples aged for 200 hours at 1400°C. At high 
magnifications, a lighter coloured phase could be seen to have developed within the 
fibres, as can be seen in figure 4.14. This microstructural change can be observed
T i  5
•
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more clearly in the samples aged for 200 hours at 1480°C where the development of 
contrast is more pronounced. An example of the evolution in the fibre microstructure 
in the material aged for 200 hours at 1480°C can be seen in figure 4.15. It is also 
apparent in figure 4.15 that the brighter phase appears to have formed as acicular 
grains that are randomly orientated and, in some cases, protrude from the fibre 
surface. This faceting of the grains is indicative of a liquid phase being present at the 
aging temperature. The acicular grain width after aging at 1480°C was found to be 
approximately 0.2 pm -  0.75 pm, whilst the corresponding length was approximately 
1.5 pm -  2.7 pm. In figure 4.15 it can be seen that there are a few grains significantly 
larger than the majority of the other grains. If a comparison is made between figures 
4.14 and 4.15 it can be seen that the change in fibre microstructure is more visible and 
pronounced in the material aged at the higher temperature indicating that these grains 
have grown.
1 10jjm 1
Figure 4.14. SEM micrograph of material aged at 1400°C for 200 hours. A second 
lighter phase can be seen to have formed within the fibre.
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(a) (b)
Figure 4.15 SEM micrograph of material aged at 1480°C for 200 hours, (a) The 
second lighter phase is larger and more distinct. It can also be seen that 
this phase is generally acicular in shape, randomly orientated and can 
protrude out of the surface of the fibre into the matrix, (b) Apparent 
interaction between fibres.
In the region circled in figure 4.15a it can be seen that there may have been an 
interaction between the fibre orientated perpendicular to the plane of the image (on 
the left) and the fibre running through the image (on the right). This area can be seen 
at a higher magnification in figure 4.15b. The grains present in the area between the 
two fibres, to the right of line A-B in figure 4.15b, appear larger than the majority of 
grains observed in the fibres. Furthermore, the grains appear to have grown out of the 
fibre and bridge the gap between the two fibres, suggesting that some interaction may 
have occurred between the fibres.
A closer examination of the fibre reinforcement of the material aged at 1480°C for 
200 hours revealed the presence of porosity within the microstructure, see areas 
circled in black in figure 4.16. The porosity was observed at the edge of the fibres 
and towards the centre of the fibre and varied in size. The largest pore visible in 
figure 4.16a is approximately 10 % of the fibre diameter, indicating that there may be 
a significant drop in mechanical properties of the material after aging at 1480°C. The
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development of porosity in the fibre may be a result of coalescence of already present 
porosity in the fibre, or by the loss of material to the matrix. It can be seen in figure 
4.16b that the edge of the fibre appears facetted, with grains protruding from the 
surface of the fibre, circled in white. Also visible in the fibre reinforcement in figure 
4.16b is a variation in the grain size of the lighter phase.
Tojjm ' ' 10pm ‘
(a) (b)
Figure 4.16 SEM micrographs of material aged at 1480°C for 200 hours showing (a 
and b) the development of porosity, circled, within the fibre reinforcement. 
Visible in (b) is the protrusion of the lighter phase into the matrix, circled 
in white.
EDX analysis was conducted on the samples aged for 200 hours at 1400°C and 
1480°C. The results, in the form of linescans, can be seen in figure 4.17. Of 
particular interest is the silicon trace (red) for the two samples. For the sample aged 
at 1400°C, the trace appears much smoother than that at 1480°C, supporting the visual 
evidence that the second phase within the fibre is less well developed in the material 
aged at 1400°C. In figure 4.17b, it can be seen that where there is a peak in the 
aluminium trace in the fibre region, there is a corresponding decrease in the relative 
intensity of silicon. This evidence suggests that the grains growing in the fibre 
contain a greater quantity of aluminium that the surrounding regions in the fibre.
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(a) (b)
Figure 4.17 SEM micrographs with superimposed EDX linescans for the material
aged at (a) 1400°C and (b) 1480°C. The upper line is the relative intensity 
of aluminium, the middle line is oxygen whilst the bottom line is silicon. 
The yellow line marks the actual line of analysis with the traces displaced 
vertically above for clarity.
The fibres at the edge of the sample and towards the centre were analysed to see if 
there was a variation in fibre properties across the sample. The results can be seen in 
figure 4.18 where figure 4.18a was from the centre of the sample and figure 4.18b was 
from the edge of the sample. The corresponding EDX analyses are next to the SEM 
micrographs and give data on the silicon, aluminium and oxygen content of the 
regions analysed. It was found that there was no significant difference between the 
two areas, as seen by comparing the figures in bold in the tables in figure 4.18. The 
totals presented in the tables do not sum to 100 due to the presence of the carbon 
coating applied to the samples.
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20pm
Spectrum O Al Si Total
Spectrum 1 44.58 43.53 6.77 94.87
Spectrum 2 45.22 43.48 6.78 95.49
Spectrum 3 44.87 43.29 6.51 94.66
Spectrum 4 45.24 43.22 6.59 95.05
Spectrum 5 44.49 43.61 6.67 94.77
Spectrum 6 45.15 43.42 6.85 95.42
Spectrum 7 45.02 43.73 6.53 95.28
Spectrum 8 45.15 43.45 6.56 95.16
Spectrum 9 45.15 43.93 6.43 95.51
Mean 44.98 43.52 6.63 95.13
Std.
deviation
0.28 0.22 0.14
(a)
20pm
Spectrum O Al Si Total
Spectrum 1 44.95 43.44 6.59 94.99
Spectrum 2 44.06 43.08 6.73 93.87
Spectrum 3 44.45 43.50 6.60 94.55
Spectrum 4 44.81 43.34 6.41 94.56
Spectrum 5 44.92 42.82 6.96 94.70
Spectrum 6 44.27 42.94 6.78 93.99
Spectrum 7 44.64 43.39 6.72 94.75
Spectrum 8 44.30 43.71 6.20 94.21
Spectrum 9 44.49 43.77 6.56 94.82
Mean 44.54 43.33 6.62 94.49
Std.
deviation
0.31 0.33 0.22
(b)
Figure 4.18 SEM micrographs and corresponding EDX analysis results from fibres 
towards the (a) centre of the sample and (b) the edge of the sample aged at 
1480°C for 200 hours.
EDX spot analysis was also performed on the fibres towards the edge of the sample, 
visible in figure 4.18b. The points analysed and corresponding results can be seen in 
figure 4.19. It was found that the lighter phase within the fibres contains more 
aluminium and less silicon than the surrounding phase. These results are highlighted 
in spectra 4 and 10 that were ‘targeted’ at areas of lighter phase. The values are only 
qualitative due to the limited resolution of this technique and corresponding 
interaction volume associated with the electron beam.
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Spectrum O Al Si Total
Spectrum 1 43.58 42.09 7.64 93.31
Spectrum 2 43.26 41.30 7.91 92.46
Spectrum 3 44.43 42.41 7.28 94.12
Spectrum 4 45.79 46.65 4.34 96.77
Spectrum 5 44.72 43.92 5.81 94.45
Spectrum 6 43.93 42.92 6.63 93.48
Spectrum 7 44.29 41.63 7.81 93.73
Spectrum 8 45.01 44.47 5.74 95.22
Spectrum 9 43.35 40.90 8.24 92.49
Spectrum 10 45.13 48.85 2.28 96.26
Mean 44.35 43.51 6.37 94.23
Std. deviation 0.83 2.55 1.89
Figure 4.19 SEM micrograph and corresponding EDX spot analysis of fibres towards 
the edge of the sample.
The microstructural observations appear to be in general agreement with the results of 
a XRD investigation into the phases present within the material, which can be seen in 
figure 4.20. The overview of the XRD results appears to show that no change has 
occurred within the material. However, a closer examination of the results between 
specific values of 20 suggests that there has been a change in the material, shown in 
figure 4.21. For the as-received material, the peak visible to the left is associated with 
alumina whilst that on the right is associated with pseudo-tetragonal 2 Al2 0 3 .SiC>2 
mullite. The peak splitting as a function of temperature, from 1200°C, is likely to be a
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result of a transition from metastable 2:1 mullite to the orthorhombic 3:2 form in the 
fibre microstructure. This has been detailed previously by Lewis and co-workers 
(Lewis et al., 2000 and references therein). This is in general agreement with the 
microstructural changes discussed by Deleglise et a l, 2001, although it should be 
noted that the values of 2-theta over which the peak splitting were reported were 
different in each report.
A comparison between the chemical analyses of the as-received material and that 
aged at 1480°C (from figures 4.5 and 4.18 respectively) can be seen in table 4.2. The 
data have been normalized to 100 % to allow comparison. The variation in data for 
the aluminium and silicon content of the aged material, compared to the as-received 
material, has been calculated. It can be seen from table 4.2 that there has been a small 
decrease in the quantity of aluminium present within the fibres. This would seem to 
be in agreement with the change in the fibre mullite composition from the meta-stable 
2:1 to the orthorhombic 3:2 form as the material is aged at higher temperatures. As 
the aging temperature is increased and the mullite transforms, it rejects alumina 
providing a source for the growth of the pre-existing alumina grains. The rejection of 
alumina from the fibre causes an increase in the relative silicon content of the mullite. 
The decrease in aluminium content of the fibre suggests that there may be more 
aluminium rejected during mullite transformation than can be accommodated by grain 
growth, and so aluminium is rejected to the matrix.
Table 4.2 The variation in chemical content between the as-received material and that
aged for 200 hours at 1480°C.
Thermal aging O content Al content Change
As-received 48.01 46.70 -
1480°C / 200 hours 
(centre of sample)
47.28 45.75 -0.95
1480°C / 200 hours 
(edge of sample)
47.14 45.86 -0.84
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Figure 4.20 XRD spectra of the as-received material and that aged for 200 hours at 
1100, 1200, 1300, 1400 and 1480°C. The results are displaced vertically for clarity.
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Figure 4.21 XRD spectra of the as-received material and that aged for 200 hours at 
1100, 1200, 1300, 1400 and 1480°C for values of 20 between 22 - 29. The 
results are displaced vertically for clarity. Visible from 1200°C onwards is 
peak splitting associated with the transition of metastable 2:1 mullite in the 
fibres to 3:2 mullite.
The investigation of the material aged for 200 hours at varying temperatures has 
found that the composite nature of the material appears to have been retained. The
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aged material contains the same types of defects found in the as-received material. As 
for the as-received material, it was found that the matrix consists of aluminium and 
oxygen, whilst the fibres were found to contain aluminium, oxygen and silicon. It 
was found that up to, and including, an aging temperature of 1200°C, the material 
appears unaffected by the thermal aging. It was found that a thermal aging treatment 
of 1300°C and above causes a change in the matrix regions of the material. This 
change appeal's to be a densification of the alumina matrix which is believed to be 
partially accommodated by shrinkage, mainly in the through-thickness direction, and 
partially by the cracks already present within the material opening further. An aging 
temperature of 1400°C and 1480°C causes a change in the microstructure of the fibre, 
such that 2:1 mullite transforms to 3:2 mullite rejecting alumina and causing the 
alumina grains to then grow and become more facetted. There is some indication that 
a liquid may have been present at the higher aging temperatures. Further, aluminium 
may have been lost from the fibre to the matrix.
4 .4 . LONG TERM THERM AL AGING
An overview of the as-received material, as well as that aged for 2000 hours and 4000 
hours at 1100°C can be seen in figure 4.22. It can be seen in figures 4.22 a-c that both 
samples contain similar voids to the as-received material as well as large scale 
cracking. There is a large quantity of voids present within the centre of figure 4.22d, 
an area of the sample aged for 4000 hours. This area of the sample appears to have 
been very poorly infiltrated by the matrix slurry and illustrates significant variability 
in the manufacturing route for this material. Figure 4.23 shows higher magnification 
micrographs of the material aged for 2000 hours and 4000 hours. Figure 4.23a, 
material aged for 2000 hours, shows the presence of large pores within the matrix-rich 
regions as well as cracks within this region. At the bottom of the figure, a large crack 
appeals to have formed between the matrix and fibre. Although this crack may 
already have been present within the material, it is believed that sample preparation 
has caused an exaggeration of this effect as well as the apparent fibre damage. Figure 
4.23b, material aged for 4000 hours, shows the presence of voids within the fibre 
bundles as well as the presence of cracking. Importantly, it appears that the cracking 
has had an effect on the fibre reinforcement causing what appears to be damage to the 
fibre (circled).
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Figure 4.24 shows higher magnification SEM micrographs of matrix-rich regions 
within the as-received material and samples thermally aged for 2000 hours and 4000 
hours at 1100°C. These results seem to indicate that the thermal aging has not had an 
identifiable effect on the microstructure of the matrix of the material. Similarly, the 
thermal aging was not observed to have had an affect on the fibres within the samples. 
The presence of what appear to be agglomerates of matrix particles was observed in 
the as-received material in figure 4.24a, as well as in the material aged for 2000 hours, 
figure 4.24b.
(a) As-received (b) 2000 hours
Figure 4.22 SEM overview micrographs of (a) as-received material, (b) material aged 
for 2000 hours at 1100°C and (c and d) material aged for 4000 hours at 
1100°C. (d) also illustrates the variability within the material from 
manufacture.
1mm 1
(d) 4000 hours
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(a) 2000 hours (b) 4000 hours
1 60pm 1 60pm '
Figure 4.23 SEM micrographs of the material (a) thermally aged for 2000 hours at
1100°C showing the presence of defects in the matrix-rich regions and (b)
material aged for 4000 hours at 1100°C showing a crack impinging on a
fibre and appearing to cause damage (circled).
(a) As-received (b) 2000 hours
H
* • - J r /r  . V* ? . Vr ^vt 4' •  " 
■ ^
' 30pm 1 30pm •
(c) 4000 hours
Figure 4.24 Higher magnification SEM
micrographs of matrix-rich regions
within the (a) as-received material.►
(b) the sample aged for 2000 hours at
1100°C and (c) the sample aged for
4000 hours at 1100°C. Areas circled
appear to be agglomerates of matrix
grains.
30pm
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As for the material subjected to the short term thermal aging regime, an attempt was 
made to quantify any change in microstructure of the material by investigating the 
area fraction of porosity present within a number of matrix-rich regions within the 
samples. Samples that were aged for 2000 hours and 4000 hours were investigated 
and the results can be seen in figure 4.25. The results indicate that the thermal aging 
has not had a quantifiable effect on the microstructure of the material, as the quantity 
of porosity has remained constant. The sample densities were also measured after 
thermal aging and the results can be seen in figure 4.26. The data were normalised to 
an as-received material value of 2.68 g cm"3. It would appear that the extended 
thermal aging has possibly resulted in a small increase in density.
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Figure 4.25 Variation in porosity of matrix-rich regions as a function of aging time 
for an aging temperature of 1100°C.
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Figure 4.26 Variation in sample density as a function of aging time for an aging 
temperature of 1100°C.
The dimensions of the samples were measured before and after the thermal aging and 
the results can be seen in table 4.3. It was found that the changes in sample 
dimensions were very small, but there does appear to be a progressive decrease in the 
thickness of the sample. The width of the samples as a function of aging time appears 
to be relatively constant. The results indicate that the material is densifying through a 
reduction in thickness, and is constrained in terms of width change by the fibre 
architecture.
Table 4.3 Variation in sample thickness and width as a function of aging time at 
1100°C.
Aging Time 
(Hours)
% Change
Thickness Width
200 -0.03 -0.23
2000 -0.17 -0.24
4000 -0.39 -0.15
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Figure 4.27 is an SEM micrograph and corresponding EDX results of area analyses of 
the fibre and matrix regions in material that has been aged at 1100°C for 4000 hours. 
Data from figure 4.5 of the as-received material has been included in the table in 
figure 4.27b. It is apparent from the results that, as expected, the composition of the 
alumina matrix is very similar between the as-received material and the thermally 
aged material. The results of the analysis on the fibres in the material aged for 4000 
hours found that there appeared to be a higher quantity of oxygen, aluminium and 
silicon compared to the as-received fibre. However, as the total quantity of these 
elements sums to a total over 100, caution must be exercised when using these results. 
However, it should also be noted that the data recorded for the material aged for 4000 
hours is very similar to that recorded for the material aged at 1480°C and presented in 
figure 4.18. It is suggested that the results obtained from the EDX analysis of the as- 
received fibres are lower than the other analyses due to a possibly over thick carbon 
coating.
(a) (b)
Spectrum O Al Si Total
As-
received
(matrix)
38.72 45.51 0.61 84.84
4000
hours
(matrix)
38.99 45.03 0.12 84.14
As-
received
(fibre)
45.57 44.33 5.02 94.92
4000
hours
(fibre)
48.56 45.10 6.37 100.03
Figure 4.27 EDX analysis of material aged for 4000 hours at 1100°C. SEM 
micrograph (a) of region investigated by EDX. The box on the left is the 
area of matrix analysed whilst that on the right is of the fibre region 
analysed. The EDX results are given in (b) where an analysis of the as- 
received material is also included (from figure 4.5 previously).
20um
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A comparison between the chemical analyses of the as-received material and that 
aged at 1100°C for up to 4000 hours (from figures 4.5 and 4.27 respectively) can be 
seen in table 4.4. The data have been normalized to 100 % to allow comparison. It 
can be seen from table 4.4 that there has been a decrease in the quantity of aluminium 
present within tire fibres, which results in a relative increase in silicon content. It may 
be possible that almninium has diffused into the matrix. The mullite transformation 
within the fibre, discussed previously, could be occurring to a veiy small degree at 
1100°C and, in combination with the long term aging, is providing an excess of 
aluminium within the fibre. Alternatively, a slight change in the matrix may be 
drawing aluminium from the fibre, causing the decrease in almninium content. A 
comparison of tables 4.2 and 4.4 shows that there has been a greater loss of 
aluminium in the material aged for 4000 horns at 1100°C compared to the material 
aged at 1480°C. The reason for this disparity is unclear.
Table 4.4 The variation in chemical content between the as-received material and that
aged for 4000 hours at 1100°C.
Thermal aging O content Al content Change
As-received 48.01 46.70 -
4000 hours at 
1100°C
48.55 45.09 -1.61
The results presented in this section appear to suggest that the long term aging, up to 
4000 hours, at 1100°C has not had a significant effect on the material. After the long 
term thermal aging, it was found that the microstructure of both the matrix-rich 
regions and the fibres appears unchanged when compared to the as-received material. 
Similarly, the EDX analysis of the thermally aged material appeal s similar to that of 
the as-received material and the material aged for aging periods of 200 hours. There 
is an indication that the matrix may be densifying and that the fibre composition is 
beginning to change. Longer aging times are required to test this hypothesis.
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4.6 . CONCLUDING REMARKS
The SEM investigation of the material provides evidence that there are difficulties in 
manufacturing this material and that the processing route used can result in large 
microstructural variations in the material. These variations are typically in the form 
of regions of incomplete matrix infiltration and larger agglomerates of alumina in the 
matrix regions. It would appear that after manufacture, the material contains a large 
quantity of cracking. It was observed that some of the cracking passes through the 
fibre bundles.
The results of the SEM investigation have shown that short term aging at 
temperatures of up to 1200°C does not appeal' to have an effect on the microstructure 
of the material. A thermal aging temperature of 1300°C and above is sufficient to 
cause a microstructural change in the material. An aging temperature of 1300°C was 
found to cause a densification of matrix regions in the material, whilst an aging 
temperature of 1400°C and above was found to cause a densification of matrix-rich 
regions as well as a change in the microstructure of the fibre reinforcement. The 
microstructural change in the fibre reinforcement was in the form of the growth of 
acicular grains of alumina and a change in mullite from a meta-stable 2:1 form to the 
orthorhombic 3:2 form. The microstructural change in the fibre reinforcement was 
more pronounced after aging at 1480°C, where a loss of aluminium from the fibre was 
also found. Aging at 1480°C also caused a further densification of the matrix-rich 
regions.
The long term thermal aging of the material at 1100°C for up to 2000 hours does not 
appear to have had an effect on the microstructure of the material. Aging of the 
material for 4000 hours was found to cause small microstructural changes to the 
material and chemical analysis of the material found a change in fibre composition as 
a result of the extended aging.
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C h a p t e r  5  
T r a n s m is s io n  E l e c t r o n  M ic r o s c o p y  
I n v e s t ig a t io n
5 .1 . INTRODUCTION
Transmission electron microscopy was utilised to investigate both the as-received 
material and the thermally aged material. This technique was selected as it is able to 
provide a detailed view of the individual grains and grain boundaries within a 
material. Furthermore, under the right circumstances, this technique is able to provide 
various types of chemical and structural data at a high spatial resolution. Techniques 
available in the TEM that have been used in this investigation include selected area 
diffraction (SAD), energy dispersive x-ray analysis (EDX) and parallel electron 
energy loss spectroscopy (PEELS).
The chapter is split into a number of sections. The first section details difficulties 
experienced with sample preparation and observation in the TEM. The next section 
discusses the as-received material whilst the two following sections give the results 
associated with short-term aging and then long-term aging. Finally, a number of 
conclusions are drawn from the work presented in this chapter.
5.2. EXPERIMENTAL PROCEDURE
In order to be able to observe samples in the TEM, they must be sufficiently thin so as 
to be electron transparent. Unfortunately, the requirement for very thin samples 
makes the preparation of CMC samples veiy difficult, particularly as the material is 
already significantly cracked, hi this work, a number of different approaches were 
used for sample preparation, the final one that was used is described in section 3.4.
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However, even once a sample had been prepared, a number of further problems were 
encountered when hying to investigate the samples within the TEM. A common 
problem encountered was ‘charging’ of the sample. This effect, and the more general 
interaction of the electron beam with the sample, was observed to cause the area of 
sample being investigated to deflect within the instrument. If sufficient deflection 
occurred, parts of the sample were damaged and, in some cases broke away. This 
phenomenon was found to be a particular problem when observing large regions of 
the matrix as the material could not support itself, as well in the areas at the 
fibre/matrix interface where there was also limited sample support.
A number of problems were encountered when attempting an EDX investigation of 
the samples. It was difficult to acquire an accurate elemental map of the area being 
investigated because drifting of the sample would occur within the instrument, being 
exaggerated at higher magnifications. This was a particular problem because the low 
signal count required long acquisition times in order to gather meaningful data. 
Furthermore, the image acquired from the GIF system is at a different orientation and 
magnification to the one obtained from EDX analysis and so must be rotated and 
magnified were appropriate in order to match the elemental maps.
Chemical analysis was also attempted using PEELS in the TEM. This is a 
quantitative technique. Whilst it was possible to obtain data from this technique, it 
was found that it was not possible to locate a silicon shoulder on a spectrum due to its 
proximity to the aluminium shoulder and insufficient signal. This meant that it was 
not possible to gather silicon elemental maps.
Despite these problems, the TEM study did provide useful information, as described 
in the following sections.
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5.3. AS-RECEIVED MATERIAL
A region of the matrix within the as-received material can be seen in the TEM 
micrograph in figure 5.1. Within figure 5.1 it can be seen that the matrix region 
consists of grains of alumina of varying size, typically 0.3 -  0.6 pm, that are equiaxed 
in shape. The grains are interconnected to each other to varying degrees. Also visible 
are "white’ regions that correspond to porosity. It should be noted that although 
porosity is observed within the matrix regions of samples, some of this might result 
from sample preparation, including sample handling, and beam damage in the TEM.
Within figure 5.1 distinct grain boundaries can be seen, e.g. the region circled and 
labelled A, as well as regions where grain boundaries would be expected, but are not 
observed, e.g. region circled and labelled B. This is believed to be a result of 
thickness variations across the sample causing a corresponding variation in focus.
Figure 5.1 A TEM micrograph of the matrix of the as-received material.
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A lower magnification TEM micrograph of the matrix region can be seen in figure 
5.2. The edge of a reinforcing fibre is visible on the left hand side of this image, 
along the line A-B. Clearly present within the micrograph are matrix grains of 
alumina and regions of porosity, all of varying size. It would appear that smaller 
grains of alumina, by a factor of approximately 2, are found closer to the reinforcing 
fibres. The region over which the variation in grain size occurs appears to extend to a 
distance of approximately 0.5 pm from the fibre. At greater distances from the fibre, 
the matrix grains appear significantly larger and more consistent in size.
Figure 5.2 A TEM micrograph of the matrix of the as-received material showing a 
variation in matrix grain size. The matrix grains on the left, adjacent to 
the fibre (between A and B), appear smaller than those further away 
from the fibre.
Figure 5.3 is a TEM micrograph of a region of the fibre reinforcement. There is a 
contrast variation across the fibre due to a variation in sample thickness created 
during thinning in the PIPS. The PIPS process creates a ‘wedge-like’ sample 
geometry that has a corresponding effect on ‘focus’ and so regions of the sample
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appear out of focus. It has been found that the fibre reinforcement appears to consist 
of a continuous phase of mullite in which randomly orientated elongated grains of 
alumina exist. The as-received Nextel 720 fibre has been described as consisting of a 
mosaic of mullite aggregates enclosing small spherical and slightly larger elongated 
a-alumina grains (Deleglise et al., 2001). During this investigation the mullite 
aggregates were not readily observed. It is believed that the reason for this is that the 
different rate of ion beam thinning of the matrix and fibre meant that the fibres were 
rarely thin enough for this phenomenon to be observed. However, the high 
magnification TEM micrograph of the fibre that can be seen in figure 5.4 appears to 
confirm the presence of mullite aggregates within the material, as well as showing the 
presence of elongated grains. The microstructural features and their associated 
dimensions, observable in figure 5.4, appear to be the same as those reported 
previously (Deleglise et al. 2001).
Figure 5.3 A TEM micrograph of the fibre reinforcement within the as-received 
material.
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Figure 5.4 A high magnification TEM micrograph of the fibre reinforcement within 
the as-received material. The area circled in white is an aggregate of 
mullite and the regions circled in black are elongated grains of a- 
alumina.
Figure 5.5 shows the results of an EDX analysis of the as-received material. An area 
was selected to include both regions of fibre reinforcement and the matrix. Figure 
5.4a is a TEM micrograph of the area investigated and it can be seen that there is only 
a small amount of fibre/matrix contact. Figures 5.4 b, c and d are elemental maps for 
aluminium, silicon and oxygen, respectively. The aluminium map clearly shows the 
apparent presence of aluminium in both the fibre and the matrix. The variation in 
intensity of aluminium across the fibre region is believed to be a thickness effect, i.e. 
less signal is produced in thinner sample regions. The silicon map indicates that 
silicon is present only within the fibre reinforcement, although there was a lack of 
intensity. The silicon appears to exist as a continuous phase across the whole of the 
fibre. The results are qualitative rather than quantitative and confirm the presence of 
aluminium, silicon and oxygen.
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(c) (d)
Figure 5.5 EDX mapping results from the as-received material, (a) TEM micrograph 
of the area investigated, (b), (c) and (d) elemental maps for aluminium, 
silicon and oxygen, respectively.
Figure 5.6 shows two TEM micrographs of the interface between the fibre 
reinforcement and matrix within a sample. In figure 5.6 (a) it is clear that there is a 
distinct boundary between the fibre and matrix. Figure 5.6b is a close up of the region 
enclosed by the box in figure 5.6a. It would appear from figure 5.6b that there are 
regions of bonding between the fibre and matrix, as well as regions where there is no 
contact between the fibre and matrix. The lack of direct contact between fibre and 
matrix may be detrimental to the mechanical behaviour of the material as the fibres 
should be in a state of residual tension whilst the matrix should be in compression 
(Lu, 1996). If there is in-sufficient fibre/matrix bonding, cracking may occur at the 
interface during manufacture and whilst ‘in-service’ as a result of stress accumulation,
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and so resulting in areas of material that do not meet the microstructural design 
criteria.
(a) (b)
Figure 5.6 TEM micrograph of the interface between the fibre reinforcement (on the 
left) and the matrix (on the right) (a) at low magnification and (b) at 
higher magnification showing contact between the fibre and matrix as 
well as regions of zero interfacial contact.
Figure 5.7 is an overview TEM micrograph montage of a large region of the sample. 
Clearly visible is the distinct interface between the fibre and matrix as well as an 
increase in matrix grain size away from the fibre. As can be seen in figure 5.5 a and 
b, there are regions where bonding appears to have occurred between the fibre and 
matrix as well as areas where there is no bonding. It is possible that regions where no 
bonding is visible may be a result of beam damage within the TEM, however, this is 
unlikely as material loss was generally observed to occur at the edge of the sample 
where the ion beam passed through the sample.
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5.4 . SHORT TERM AGING
Figures 5.8 (a-f) are a selection of TEM micrographs of the matrix of the as-received 
material and the thermally aged samples. Evident in all of the samples is the presence 
of randomly distributed porosity as well as distinct grains of alumina. The matrix 
grains of alumina appear similar in size for aging temperatures up to and including 
1200°C (figures 5.8a-c) although there is some variation of grain size within each 
sample. At an aging temperature of 1400°C and above (figures 5.8 d-f) the matrix 
grains were observed to be slightly larger than those at the lower aging temperatures 
although there is still a variation in grain size. Furthermore, at an aging temperature 
of 1300°C and above, the alumina particles may have a greater inter-particle contact 
area. Finally, it would also appear from figures 5.8 a-f that the quantity of porosity 
present within the matrix has remained approximately constant.
Figures 5.9 (a-f) are a selection of TEM micrographs of the fibre reinforcement of the 
as-received material and thermally aged samples. It can be seen in figures 5.9 b and 
c, the material aged at 1100°C and 1200°C, that the fibre reinforcement appears 
unchanged when compared to the as-received material that can be seen in figure 5.9a. 
A close examination of the material aged at 1300°C (figure 5.9d) suggests that there 
has been a slight change in the microstructure of the fibre reinforcement. It appears 
that the alumina grains present in figures 5.9a-c are now slightly larger and have 
straighter, more parallel facets. Figure 5.9e shows the microstructure of the fibre 
reinforcement for the material aged at 1400°C. It can clearly be seen that there has 
been extensive grain growth within the fibre such that large, parallel-sided alumina 
grains have formed. The growth of grains within the fibre reinforcement appeal's to 
have continued to a greater extent at 1480°C, as can be seen in figure 5.9f where the 
grains are approximately twice as wide as at 1400°C. Figure 5.10 is a high 
magnification TEM micrograph of a region of the fibre reinforcement aged at 1480°C 
and shows the EDX analysis for selected grains. It would appeal- that the elongated 
grains contain only aluminium, confirming that they are grains of alumina. During 
this work, the elongated grains have elongated further and become more facetted 
despite being randomly orientated in the matrix indicating that a liquid phase may 
have been present at the aging temperature. The change in the microstructure of the 
Nextel 720 fibre (not incorporated in a composite) at elevated temperatures has been
108
Chapter 5 : Transmission Electron Microscopy Investigation
reported previously (Bunsell & Berger, 2000, Deleglise et al., 2001), where the 
growth of a-alumina grains and the suggestion of a fugitive silicate phase in the fibre 
have been reported.
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Figure 5.10 EDX analyses of various grains within the fibre reinforcement of material 
aged for 200 hours at 1480°C. The elongated grains in the fibre appear to 
contain aluminium only.
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Figures 5.11 a-c are TEM micrographs of representative regions of the interface 
between the fibre reinforcement and the matrix grains. Figures 5.11 a and b show the 
interfaces of material aged at 1100°C and 1300°C respectively. It would appear that 
the thermal aging does not appear to have had an effect on the interface. The 
interface still appears distinct and relatively continuous in a similar manner to the as- 
received material (c.f. figure 5.6). The first changes in the interface of the fibre and 
matrix were observed in the material aged at 1400°C where there appeared to be a 
greater quantity of contact between the two constituents, as can be seen in figure 
5.11c. Figure 5.1 Id is an example of an interface in the material aged at 1480°C 
where it can be seen that the grains within the fibre reinforcement appear to have 
grown to such an extent that they impinge into the matrix. As for the as-received 
material, it was observed that there was still a tendency for smaller grains to be 
located at the fibre/matrix interface after all thermal aging treatments.
between the fibre reinforcement and 
1300°C (c) 1400°C and (c) 1480°C.
Figure 5. 11 TEM micrographs of the interface 
matrix for material aged at (a) 1100°C, (b)
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Figures 5.12 a-d show the results of an EDX investigation into material aged at 
1400°C. Figure 5.12a is a high magnification TEM micrograph of some of the area 
investigated, whilst figures 5.12 b, c and d are the chemical maps for oxygen, 
aluminium and silicon respectively. A comparison of figure 5.12 b, c and d indicates 
that the large, elongated grains that have grown in the fibre consist solely of 
aluminium and oxygen (see region enclosed by the white line). The area enclosed by 
the red circle in figures 5.12 b-d contains oxygen, aluminium and silicon and is 
therefore believed to be a region of mullite.
(a) TEM micrograph of area investigated (b) Oxygen map
Figure 5.12 EDX mapping results from fibre material aged at 1400°C. (a) is a TEM 
micrograph of the area investigated, (b), (c) and (d) are the elemental 
maps for oxygen, aluminium, and silicon, respectively.
(c) Aluminium map (d) Silicon map
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Figure 5.13a is a TEM micrograph of a large matrix grain of alumina in material that 
was aged at 1480°C. Figure 5.13b is the corresponding SAD pattern for a hexagonal 
close-packed crystal confirming that it is alumina in the beam direction [01-11], The 
ratio of M/L is 1.292.
(a) TEM micrograph (b) SAD pattern
• •  •
0112  1101 21'10
Figure 5.13 SAD investigation of matrix material in sample aged for 200 hours at 
1480°C. (a) TEM micrograph of the area investigated by SAD (matrix 
grain is circled), (b) [01-11] SAD pattern of grain investigated.
1011 0000 1011
114
Chapter 5 : Transmission Electron Microscopy Investigation
5.5. LONG TERM AGING
Figures 5.12 a-c are TEM micrographs of matrix regions within the as-received 
material and material aged for 2000 hours and 4000 hours at 1100°C. The matrix 
grain size and porosity size and distribution within the thermally aged samples was 
found to be similar to that observed in the as-received material (see figure 5.1). In 
figure 5.12b. which shows the material aged at 1100°C for 2000 hours, it can be seen 
that, as with the as-received material, there are smaller matrix grains located close to 
the fibre, in the top right hand comer of the TEM micrograph. Smaller matrix grains 
at the fibre/matrix interface were also observed in the material aged for 4000 hours. It 
would appear that the extended thermal aging of the material at 1100°C has not 
caused a visible change in the microstructure of the matrix.
(a) As-received (b) 2000 hours
Figure 5.12 (a-c). TEM micrographs of 
matrix regions within (a) the as- 
received material, (b) material 
aged at 1100°C for 2000 hours 
and (c) material aged at 1100°C 
for 4000 hours.
(c) 4000 hours
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Figures 5.13 a-c are representative TEM micrographs of the fibre reinforcement of the 
as-received material (a) and material aged at 1100°C for 2000 hours (b) and 4000 
hours (c). Comparison of the three micrographs and in-situ observation of the 
samples in the TEM appear to show that the fibre reinforcement has not been affected 
by the thermal aging. The fine grains present in the thermally aged material appear to 
be of the same size and morphology as the as-received material.
(a) As-received (b) 2000 hours
Figure 5.13 TEM micrographs of regions of 
the fibre reinforcement within (a) the 
as-received material, (b) material 
aged at 1100°C for 2000 hours and 
(c) material aged at 1100°C for 4000 
hours.
(c) 4000 hours
0 . 2  pin
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An attempt was made to characterise the material aged for 2000 hours at 1100°C 
using PEELS. The results of the PEELS investigation can be seen below in figures
5.14 a-c. Figure 5.14a is a TEM micrograph of the area investigated whilst figures
5.14 b and c are the elemental maps for aluminium and oxygen respectively. There is 
no elemental map for silicon as it was not possible to obtain sufficient signal for 
mapping. As the data from PEELS are quantitative, it is possible to make some 
observations from the results. From figure 5.14 it is suggested that the grain circled in 
red contains more aluminium than the area circled in yellow, and is therefore likely to 
be a grain of a-alumina. Furthermore, the lower aluminium concentration of the area 
circled in yellow suggests that this region may be part of the mullite phase that 
constitutes a large part of the fibre reinforcement.
(a)TEM micrograph of area investigated (b)Aluminium map
(c)Oxygen map
Figure 5.14 PEELS investigation of 
material aged for 2000 hours at 1100°C.
(a) is a TEM micrograph of the area 
investigated, (b) is the aluminium 
elemental map and (c) is the oxygen 
elemental map. The area circled in red is 
believed to be an aluminium-rich grain 
whilst the area circled in yellow may be 
mullite.
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The TEM investigation of the material has confirmed that the elongated grains in the 
fibre microstructure are alumina, which was not possible by the other techniques used 
in this investigation. However, the TEM investigation was not able to provide much 
further information about the samples due to the small sample size and nature of the 
material.
5.6. CONCLUDING REMARKS
The results of the TEM investigation on the as-received material have shown it to 
consist of a fine grained fibre reinforcement containing aluminium, silicon, and 
oxygen. The fibre microstructure consists of aggregates of mullite, approximately 
400 mn in size, in which elongated grains, approximately 100 nm in length, were 
found to exist. It was found that the elongated grains are alumina. The matrix was 
found to consist of distinct grains of alumina. The matrix grains were found to vary 
in size, typically 0.2 -  0.6 pin, with smaller grains typically found in the matrix close 
to the fibre reinforcement. The results are in agreement with those presented in the 
literature.
The short term aging for 200 hours at 1100°C and 1200°C does not appear to have had 
an effect on the material in terms of either the fibre reinforcement or the matrix. At 
an aging temperature of 1300°C there appeals to be a slight change in the 
microstructure of the fibre that is characterised by the elongated alumina grains 
having straighter facets. At an aging temperature of 1400°C and over, it was found 
that further grain growth had occurred in the fibre leading to the presence of large, 
elongated alumina grains. It was also found that an aging temperature of 1400°C and 
above leads to a growth of matrix grains, although there is still a variation in the size 
of grains within the matrix regions.
The short term aging of samples for 200 hours at a temperature of 1400°C and above 
appears to have had an effect on the interface between the fibre reinforcement and the 
matrix. It was found that there appeared to be a greater quantity of contact along the 
interface. This was found to be more pronounced after aging at 1480°C. It was
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observed that, as for the as-received material, smaller alumina grains existed at the 
fibre/matrix interface.
The long term aging of samples at 1100°C does not appear to have had an effect on 
the microstracture of the samples aged for 2000 horns and 4000 hours. It was found 
that no changes were observed in either the microstructure of the fibre reinforcement, 
the matrix, or the interface between the two.
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C h a p t e r  6  
M e c h a n ic a l  T e s t in g
6 .1 . INTRO DUCTIO N
This chapter reports the effects of the different thermal aging treatments on a number 
of the mechanical properties of the N720(f)/almnina material, specifically, the flexural 
strength, Young’s modulus and relative toughness/resistance to fracture as well as the 
Vickers hardness of the matrix-rich regions. The experimental techniques used are 
described and the results are then presented. The hardness results are detailed first 
and then the results of the three point bend tests are given, based around the different 
aging regimes, i.e. short-term aging at varying temperatures for 200 horns and long 
term aging at 1100°C. In addition to the values of the mechanical properties, 
photographic images of the fracture surfaces of the samples are presented and 
discussed.
6.2. EXPERIMENTAL DETAILS
The brittle nature of monolithic ceramic materials means that they cannot easily be 
tested in tension due to the damaging effect caused by the clamping of the specimen 
within the test rig. Although it might be argued that this principle does not apply to 
ceramic matrix composites to die same extent, the porous nature of the composites in 
this study mean that it is still more appropriate to test these materials using an 
alternative test method. Flexural testing, using a three point or four point loading 
configuration, is the preferred method for investigating the mechanical properties of 
ceramic samples.
In this project, three-point flexural testing was selected as the size of the samples was 
rather small for four point flexure. The in-house designed and built test rig is shown 
in figure 6.1, with a sample (post-test) in position. The test rig was mounted on an
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Instron 1175 universal testing machine fitted with a 5 kN load cell. The two outer 
supports of the test rig, on which the sample rests, are fixed to the upper platen of the 
machine and the load cell. The distance between the outer rollers was 38 mm. The 
central roller is fitted to the lower platen and moves down with crosshead 
displacement.
Prior to testing, the edges of the tensile faces of the samples were carefully chamfered 
by hand using a 20 pm finish diamond polishing wheel. It could be argued that this 
step was not required due to the composite nature of the material and the presence of 
large defects within the material. However, it was felt that chamfering was necessary 
as the specimen edges were very uneven due to the water-jet cutting process that had 
been used in their preparation.
Testing was conducted at a cross-head displacement rate of 0.1 mm/min. This 
particular test speed was selected on the basis of rates used previously in the literature 
for similar oxide/oxide CMC systems. Samples were strained to a minimum cross­
head extension of approximately 2 mm. The data from the load cell and the crosshead 
displacement were logged on a PC running WindowsrM.
Figure 6.1 A digital image of the bend test rig, with a sample present within the rig.
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The limited quantity of material available for the project meant that it was only 
possible to prepare two samples for each aging condition. In addition, as-received 
material was tested to provide a baseline for the results.
The data gathered from the mechanical testing were used to plot load versus 
deflection curves, which were then analysed using equations in ASTM standard C 
1341 -  97; Standard Test Method for Flexural Properties of Continuous Fibre- 
reinforced Advanced Ceramic Composites. This standard provides details on 
obtaining the flexur al strength and tangent modulus of elasticity of the material from 
the recorded data. The calculation for determination of flexural strength found in 
ASTM standard C 1341-97 is written as follows,
s  - 3P' L  * .
S " ~ 2 W  eq- 6' '
where Su is the flexural strength, Pu is the maximum load in the flexural test, L is the 
outer support span, b is the specimen width, and d is the specimen thickness.
The calculation for determination of the tangent modulus of elasticity found in ASTM 
standard C 1341-97 is written as follows,
^  0.2 5L3m
eq.6.2
where E is the tangent modulus of elasticity (Young’s modulus), L is the outer 
support span, m is the slope of tangent to the initial straight-line portion of the load- 
deflection curve, b is the specimen width, and d is the specimen thickness.
Furthermore, the area under the load-deflection curve obtained during the flexural 
testing is an indication of the work of fracture (WoF), or toughness, of the material. 
The gradient of the line used to calculate the tangent modulus and the area under the 
load-deflection curve were determined using a scientific software package, Origin™ 
v7.0.
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6.3. RESULTS
6.3.1. Micro-hardness Measurement
An example of a matrix-rich region of the sort in which the hardness measurements 
were made can be seen in figure 6.2. Indents were made in relatively large matrix- 
rich regions in an attempt to make ensure comparable measurements in the differently 
thermally aged samples. Furthermore, due to the cracked nature of the material, 
indents were made in the regions between cracks as far away from cracks as possible. 
It was noted that no cracking was observed from the comer of any of the indents, 
suggesting that the material is sufficiently porous to have been crushed by the 
indentor.
Figure 6.2 A reflected light optical micrograph of a Vickers indentation in a matrix- 
rich region between fibre tows.
The results of the hardness measurements on the as-received material and that aged at 
1100°C for 1000 hours and 2000 hours can be seen in figure 6.3. It was found that 
the data recorded from the hardness measurements displayed a large amount of scatter 
for all of the different samples. It is proposed that the large variation in the Vickers 
hardness values recorded for the samples is a result of the non-homogeneous nature of 
the matrix-rich regions of material. It is possible for voids and cracks to exist in the
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material in regions below the area indented, which would be likely to affect the 
hardness value measured. Furthermore, there may also be fibre bundles present below 
the matrix rich-regions and their proximity to the surface being indented will also 
influence the hardness value measured. For example, fibres in a bundle may have 
sufficient freedom to move and so accommodate the material being deformed by the 
indenter above.
800 
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0
Figure 6.3 The variation in the Vickers hardness of the matrix ‘rich’ regions as a 
function of aging time at 1100°C.
Due to the large variations in the results of the hardness measurements, it was decided 
not to use this technique to characterise the thermally aged samples further.
I
I
500 1000 1500 2000
Aging Time (Hours)
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6.3.2. Tests on shortterm aged material
6.3.2.1. Mechanical Properties
The results of the three-point flexural testing can be seen in figure 6.4. The results are 
offset by increments of 0.3 mm extension for each aging temperature in order to aid 
clarity. Likewise, some experimental data have been omitted so that although the 
samples were tested to a minimum of 2 mm cross-head displacement, this is not 
always displayed in the figures.
The shape of the plotted results for all of the samples indicates that there has been no 
significant non-linear deformation of the material and that the material has behaved in 
a manner typical of a ceramic material until the maximum load has been reached. 
Once the failure load has been reached, the results are more representative of those 
that would be expected from a composite material. The absence of a non-linear 
region suggests that there is veiy little cracking occurring within the material. It is 
apparent from figure 6.4 that the as-received material and that aged for 200 hours at 
temperatures of 1100°C and 1200°C show a ‘graceful’ failure, which is characteristic 
of composite failure. The characteristic of a graceful failure is that once the 
maximum load has been reached and the sample has cracked through thickness, the 
sample is still able to carry some load, as the fibres are pulled out of the matrix. The 
material that was aged at 1300°C also shows characteristics of a ‘graceful’ failure, but 
to a lesser degree than material aged at lower temperatures.
The material that was aged at 1400°C only carried a veiy small load once the 
maximum load that caused failure within the sample had been exceeded. The samples 
that were aged at 1480°C for 200 hours show the characteristic ‘catastrophic’ failure 
typically associated with monolithic ceramic materials. In other words, once the 
maximum load has been achieved, the sample fractures through thickness and it is 
unable to carry any further load.
125
Chapter 6 : Mechanical Testing
Extension (mm)
Figure 6.4 Load versus cross-head displacement for as-received samples and samples 
aged at varying temperatures for a period of 200 horns.
It is also apparent in figure 6.4 that at temperatures of 1300°C and greater, the thermal 
aging has caused a reduction in the maximum load that the samples can carry. In 
order to account for variations in maximum load carried by each sample as a result of 
slight differences in the dimensions of the samples, the maximum load was used to 
calculate an appropriate flexural strength for each sample, as given by equation 6.1 
detailed in section 6.2. The results in terms of normalised flexural strength are shown 
in figure 6.5. The data were normalised with respect to an average as-received value 
of 225 MPa, which appears reasonable when compared to values given in table 2.4 in 
chapter 2. In figure 6.5, it can be seen clearly that there is a deterioration in the 
flexural strength of the material as a function of increasing aging temperature for 
temperatures above approximately 1200°C. The black trendline has been added for 
the data associated with the as-received material and aging temperatures of 1100°C 
and 1200°C and suggests that the material retains its flexural strength to 1200°C. The 
yellow trendline is associated with the data for aging temperatures of 1100°C and 
above, but suggests that above an aging temperature of 1200°C, the flexural strength 
of the material begins to fall. It is proposed that based on the evidence presented in 
chapter 4, where no change was detected in the microstructure of the material up to an
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aging temperature of 1200°C for 200 hours, the material retains its flexural strength to 
1200°C.
1.20 
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Figure 6.5 Normalised flexural strength as a function of aging temperature for an 
aging period of 200 hours.
The data gathered from the three-point flexure testing of the samples also allows the 
modulus of elasticity to be calculated for each sample using equation 6.2 detailed in 
section 6.2. The results in terms of a normalised modulus of elasticity can be seen in 
figure 6.6. The data were normalised with respect to an average as-received value of 
55 GPa, which appears reasonable when compared to values given in table 2.4 in 
chapter 2. It can be seen that up to a temperature of approximately 1100°C, the 
modulus of the material remains fairly constant. An aging temperature of 1200°C 
appears to have caused a slight decrease in the modulus of the material, before an 
apparent increase in modulus occurs to a maximum value at a temperature around 
approximately 1400°C. Somewhere above 1400°C, the thermal aging treatment 
appears to have caused a decrease in the modulus of the material, leading to the lower 
value found at 1480°C. The changes in modulus of elasticity with increasing aging 
temperature at temperatures above 1200°C would seem to indicate that there may be 
microstructural changes in the material.
♦
 1
♦
♦
♦
t
127
Chapter 6 : Mechanical Testing
1.4
1.2 
1
0.8
Normalised 
Modulus
0.6 
0.4 
0.2 
0
0 200 400 600 800 1000 1200 1400 1600
Aging Temperature (°C)
Figure 6.6 Normalised tangent modulus of elasticity as a function of aging 
temperature for an aging period of 200 hours.
It should be emphasised that caution needs to be exercised when interpreting the data 
due to the small number of samples tested for each aging regime. It is possible that 
the data in figure 6.6 may at least in part be the result of experimental scatter and that 
the trends in modulus for material aged at 1400°C are not a ‘real’ occurrence. A more 
realistic interpretation of the results is proposed by the trendline that has been added 
to figure 6.6 and indicates that there is a trend of an increase in modulus with aging 
temperature. This interpretation would appear acceptable due to the experimental 
scatter of the as-received data.
It is proposed that the behaviour of the material during the aging period can be 
understood in terms of microstructural changes occurring within the material. The 
increasing modulus of elasticity is related to changes in the microstructure of the 
matrix, specifically a densification of the matrix. Furthermore, above 1400°C, the 
aging causes the loss of composite structure through a strengthening of the interfacial 
bonding between the reinforcing fibres and matrix, and the material approaches a 
monolithic ceramic body.
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The relative toughness of the thermally aged material is shown below in figure 6.7, 
where the normalised areas under the load versus crosshead displacement curves 
(figure 6.4) are plotted as a function of thermal aging temperature for a number of 
different values of crosshead displacement. The data were normalised with respect to 
an average as-received value, dependent upon the value of cross-head displacement to 
which the area was measured.
1.4
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Figure 6.7 Normalised area under the load versus cross-head displacement curve as a 
function of aging temperature for an aging period of 200 hours. Data are 
presented for three different values of cross-head displacement, 1 mm, 0.5 
mm and 0.4 mm.
The results of the toughness investigation, shown in figure 6.7, indicate that there is a 
significant drop in the relative toughness for the material aged at 1300°C and above, 
compared with values for material aged at temperatures of 1200°C and lower. This 
supports the view that the material begins to lose its composite ‘type’ properties for 
aging temperatures above 1200°C, and is severely degraded at temperatures above 
1300°C.
♦ 1 mm extension ■ 0.5 mm extension 0.4 mm extension
129
Chapter 6 : Mechanical Testing
6.3.2.2. Microscopy of fractured samples from short term aging experiments
Once the samples had been tested, the side elevations of the failed specimens were 
examined using light microscopy. Scanning electron microscopy was used to study 
the fracture surfaces. In the case of the as-received material and the samples aged up 
to, and including, 1300°C, it was necessary to pull the two halves of the sample apart 
in order to expose the fracture surfaces, although little force was required to separate 
the two sections of the material aged at 1300°C. These samples displayed more fibre 
pull-out than the samples aged at 1400°C, but less than the samples aged at 1200°C. 
Figure 6.8a shows a reflected light micrograph of the damage zone in the as-received 
material. The top surface of the sample in the image was under tension during the 
flexure test. The large voids visible in the top half of the sample develop as a result of 
the tensile forces pulling the material apart during the test. Figure 6.8b is a higher 
magnification micrograph of the damage zone in another sample in the as-received 
state. The large voids and cracking within the material are clearly visible. Also 
visible are fibres bridging the crack that has propagated in the region of the sample 
that would have been subjected to tensile loading (circled).
(a) (b)
Figure 6.8 (a) Micrograph of the damage zone resulting from flexure testing of the 
as-received material and (b) higher magnification view of the damage zone 
resulting from flexure testing of the as-received material.
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Examples of the damage zones, at two magnifications, for all of the samples subjected 
to the short-term thermal aging regimes can be seen in figures 6.9a - f.
(a) 1100°C (b) 1200°C (c) 1300°C
(d) 1400°C - 1 (e) 1400°C - 2 (f) 1480°C
* r K 3
*
m jmmv
mF*
■ ■ S uS S H l
Figure 6.9 ( a - f )  Digital images showing the damage zones due to flexural loading of 
samples. The top image is at a low magnification, whilst the bottom image 
is at a higher magnification.
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In figures 6.8b and 6.9 a and b, at the higher magnification, it can be seen that the 
reinforcing fibres bridge the crack in the material and that the material is behaving in 
a composite manner. In figure 6.9c it would appeal- that there is limited crack 
bridging by the fibres, although the crack path is quite tortuous. In figures 6.9d and e, 
the material aged at 1400°C, and figure 6.9f, the material aged at 1480°C, the crack 
has clearly passed through the material with limited evidence of fibres having bridged 
the crack. Furthermore, the crack path is less tortuous than that in figure 6.9c for the 
samples aged at the highest temperatures. In this case the material appears to have 
behaved more as a monolithic ceramic body.
In an attempt to understand the behaviour of the material under flexural loading, the 
side elevations of two samples were ground and polished to a 10 pm finish. The area 
around the central region of the sample, where the maximum stress would occur 
during the flexural testing, was recorded by taking a series of optical micrographs that 
were then stitched together to form an overview of the material, as can be seen in 
figure 6.10a. Figure 6.10b shows the same area as figure 6.10a, but after the sample 
has been tested in flexure. The large voids present within the as-received material, as 
well as some cracking can be seen in figure 6.10a. The region between the two 
vertical yellow lines in figure 6.10b is the centre of the test zone. The intermittent 
yellow line that is also visible in figure 6.10b represents the path that the crack 
appears to have taken through the sample. It can be seen that in some places the crack 
path is well displaced from the region of maximum stress, indicating that the fibres 
have caused crack deflection during the flexural test. It would appear that the 
material has not accumulated damage in the form of micro cracks during testing, and 
that only one large crack has formed. It would appear that the existing cracks and 
voids present in the as-received material prior to testing have not had a noticeable 
effect of the crack path, suggesting their presence is not necessarily detrimental to the 
material.
Figure 6.11 shows high magnification reflected light micrographs of some of the 
features that were observed in figure 6.10b. Figure 6.11a shows clearly fibres 
bridging the crack as well as fibre/matrix debonding occurring. Figure 6.11b shows 
part of the crack path where the crack has passed along the interface between a
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transverse fibre bundle and the matrix, indicating weak fibre/matrix interfacial 
bonding.
(a) Pre-flexural test
1 mm
(b) Post flexural test
Figure 6.10 Reflected light micrographs of (a) the sample of as-received material 
prior to flexure testing and (b) the same area of the sample post flexure 
testing. The two vertical lines are either side of the centre of the test zone. 
The intermittent line represents the apparent crack path.
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(a) (b)
Figure 6.11 Reflected light micrographs of (a) fibres bridging crack (1) in the as- 
received material, as well as the presence of fibre/matrix debonding (2) 
and (b) crack path along a transverse fibre bundle/matrix interface.
Figures 6.12a -  f  show SEM micrographs of the fracture surfaces of a sample from 
each of the short-term thermal aging regimes. In figures 6.12a - c fibre pull-out from 
the face of the sample is apparent and this gives rise to the ‘tough’ behaviour seen in 
figure 6.4 for samples aged up to a temperature of 1200°C. In figures 6.12d - f  there 
is a continuous decrease in the amount of fibre pull-out observed, which is in 
agreement with the data presented in figure 6.4, where the material appears to lose its 
composite properties due to the thermal aging. These observations suggest that there 
is relatively weak fibre/matrix interfacial bonding in the samples aged at temperatures 
up to 1200°C. At aging temperatures of 1300°C, the reduced quantity of fibre pull-out 
suggests that the fibre/matrix interfacial bond is becoming stronger.
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Figures 6.13 shows higher magnification SEM micrographs of matrix-rich regions 
from all of the fractured samples of thermally aged material. In figures 6.13a, b and c, 
which show images from the as-received material and material aged for 200 hours at 
1100°C and 1200°C respectively, the individual alumina grains are visible and are of a 
similar size. However, it would appeal- in figure 6.13d, which shows material that 
was aged for 200 hours at 1300°C, that there is greater inter-particle contact between 
the alumina matrix grains. Also visible in figure 6.13d and e are a reinforcing fibres. 
Figure 6.13e is of the material that was aged for 200 hours at 1400°C and, as for the 
material aged at 1300°C, indicates that increasing inter-particle contact is occurring. 
It also appears that, at a distance greater than 2.5 pm away from the fibre, the alumina 
matrix grains are larger than those in the as-received material. It would appeal- that up 
to an aging temperature of 1400°C, the alumina matrix grains retain the same 
equiaxed morphology. The alumina grains in the material aged at 1480°C (figure 
6.13f) appear larger than those in the material aged at 1400°C and the grains appear 
much more angular in shape, possibly as a result of a further increase in inter-particle 
contact.
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Chapter 6 : Mechanical Testing
Figure 6.14 shows a further SEM micrograph of the fracture surface of the material 
aged at 1480°C. Visible in the figure in the lower right hand comer is a fibre, whilst 
the rest of the material consists of the alumina matrix. In the centre of the figure it 
would appear that there has been an interaction between the fibre and the matrix, such 
that there are some areas where no distinct boundary exists between the fibre and 
matrix (circled). This seems to support the hypothesis that the material, in terms of its 
mechanical behaviour, has lost its composite structure and it is now more like a 
monolithic ceramic material.
1 4pm 1
Figure 6.14 High magnification SEM micrograph of the fracture surface where a 
fibre and the matrix meet. The material was aged for 200 hours at 1480°C.
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6.3.3. Tests on Long Term Aged samples
6.3.3.1. Mechanical Properties
The results of the three-point flexural testing on samples aged at 1100°C for different 
aging periods can be seen in figure 6.15. The results are offset by 0.3 mm extension 
for each aging time to aid clarity. As before, for the samples subjected to short term 
aging of 200 hours at varying temperatures, it was observed that the samples 
subjected to long term aging show no plastic deformation before the maximum load is 
reached. The data presented in figure 6.15 indicates that the material has maintained a 
‘composite’ type fracture behaviour over all the thermal aging regimes.
Extension (mm)
Figure 6.15 Load versus cross-head displacement for the as-received material and 
samples aged at 1100°C for varying time periods.
Figure 6.16 shows the results of the three-point flexural testing on samples aged at 
1200°C for 500 and 1000 hours, as well as the results from the as-received material. 
It would appear from the results that there is a decrease in the load carrying ability of 
the material as a function of aging time at 1200°C. As for the samples aged for 200 
hours, the data have been used to produce a normalised flexural strength for the 
samples aged at 1100°C and 1200°C as seen in figure 6.17, in order to account for 
small variations in sample dimensions (notably the samples aged for 4000 hours).
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Extension (mm)
Figure 6.16 Load versus cross-head displacement for the as-received material and 
samples aged at 1200°C for 500 hours and 1000 hours.
♦ 1100°C • 1200°C
Aging Time (Hours)
Figure 6.17 Normalised flexural strength as a function of thermal aging time for 
samples aged at 1100°C and 1200°C.
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The data were normalised with respect to the average as-received value of 225 MPa 
and the normalised results, presented in figure 6.17, indicate that for the material aged 
at 1100°C, although there is some variation in the data, there has not been any 
discernible change in this property of the material. This suggests that there has been 
no microstructural change within the material. The experimental data were also used 
to plot a normalised modulus versus aging time graph, which can be seen in figure 
6.18. The data were normalised with respect to an average as-received value of 55 
GPa. The modulus of the material aged at 1100°C remains similar for aging times up 
to 2000 horns where it can be seen that the data points for the aged material fall 
within the same range as for the as-received material. However, the experimental 
data for an aging period of 4000 hours suggest that there is an increase, of 
approximately 20%, in the modulus of elasticity of the material, implying that there 
may be a change in the microstructure of the material. The SEM investigation of 
samples aged for 4000 hours was unable to detect any microstructural changes as can 
be seen from the data in figure 4.26 that suggests that there is the same quantity of 
porosity in the as-received material as there is in the thermally aged material.
The data displayed in figure 6.17 for the material aged at 1200°C shows that the 
thermal aging has caused a progressive reduction in the flexural strength of the 
material, indicating that a microstructural change is occurring within the material. 
The normalised modulus data presented for the material aged at 1200°C, shown in 
figure 6.18, indicates that the modulus does not appear to change as a result of the 
thermal aging, suggesting that the matrix within the material has not changed. As for 
the data points for the material aged at 1100°C for up to 2000 hours, the data points 
for the material aged at 1200°C fall in the same range as those for the as-received 
material. Therefore, it is likely that the reduction in flexural strength as a function of 
aging time at a temperature of 1200°C is a result of a microstructural change in either 
the fibre reinforcement or at the fibre/matrix interface.
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Figure 6.18 Normalised tangent modulus of elasticity as a function of thermal aging 
time at 1100°C and 1200°C.
As for the samples subjected to the short term thermal aging regimes, the relative 
toughness of the material aged at 1100°C was calculated from the area under the load 
versus cross-head displacement curves (figure 6.15), shown in figure 6.20, for a range 
of different cross-head displacements. It would appear from the results that the 
relative toughness of the material has remained unchanged as a result of the thermal 
aging, although the data presented for the material aged for 4000 hours seems slightly 
higher than the other data presented. This slight increase, and the slight increase in 
modulus, suggests that there may be a microstructural change occurring within the 
material, but it has not been detected.
The relative toughness of the material aged at 1200°C has been normalised and 
plotted in figure 6.21. It can be seen that there is a decrease in the relative toughness 
of the material as a function of an increase in aging time, indicating that there is a 
microstructural change occurring within the material. It is suggested that this change 
may be an increase in the interfacial bond strength at the fibre/matrix interface, as a 
change in modulus would be expected if there were a change in the matrix of the
* 1100°C B 1200°C
t
I
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material. Equally, if there were a degradation in the modulus of the fibre 
reinforcement as a result of the thermal aging then it would be expected that there 
would be a corresponding drop in the modulus of the samples, particularly due to the 
high fibre volume fraction present.
14 ♦  1 mm 1 0.5 mm 0.4 mm
1.2
l l
0.8
Normalised 
Area
(N mm) 0.6
0.4
0.2
■
♦
500 1000 1500 2000 2500 3000
Aging Time (Hours)
3500 4000 4500
Figure 6.19 Normalised area under the load versus cross-head displacement curve as 
a function of aging time for an aging temperature of 1100°C. Data are 
presented for three different values of cross-head displacement, 1 mm, 0.5 
mm and 0.4 mm.
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Figure 6.20 Normalised area under the load versus cross-head displacement curve as 
a function of aging time for an aging temperature of 1200°C. Data are 
presented for three different values of cross-head displacement, 1 mm, 
0.5 mm and 0.4 mm.
6.3.3.2. Microscopy of fractured samples from long term ageing experiment
The damage zones of the materials aged for the different aging periods at 1100°C are 
all similar to those in the as-received material (figure 6.8a and b), and the material 
aged at 1100°C and 1200°C (figures 6.9a and b, respectively). In other words, the 
reinforcing fibres within the material bridge the cracks formed during the flexural 
testing. Figure 6.21 shows a micrograph of the damage zone within a sample aged for 
4000 hours at 1100°C.
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Figure 6.21 Micrograph of the damage zone in a sample aged for 4000 hours at 
1100°C.
In the other sample that was aged for 4000 hours at 1100°C, figure 6.22, de­
lamination at the fibre tow/matrix interface was observed within the damage zone. 
This would seem to be evidence that the bonding between the fibres and matrix is not 
very strong.
J 'T & T m -  i m p -----I m il "'1 .*•« " ■ w __
Figure 6.22 Micrograph of the damage zone in a sample aged for 4000 hours at 
1100°C showing large scale delamination.
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Figure 6.23a shows an SEM micrograph of the fracture surface of the material aged at 
1100°C for 4000 hours. The upper half of the sample visible in the micrograph was in 
tension during the flexural test. Visible in the micrograph is a large degree of fibre 
pull-out, very similar to the as-received material in figure 6.10a and the material aged 
for 200 hours at 1100°C in figure 6.10b. Figure 6.23b is a high magnification SEM 
micrograph of a matrix only region in the sample. Clearly visible in the image are the 
distinct grains of alumina. If it were not for the results for normalised modulus, figure 
6.23 would support the conclusion that there has been no detectable change in the 
properties of the material. However, the increase in normalised modulus for the 
sample aged for 4000 hours at 1100°C would indicate that there might have been a 
small change in the microstructure of the material.
(a) (b)
Figure 6.23 SEM micrographs of the fracture surface of the material aged for 4000
hours (a) low magnification (b) high magnification.
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6.4 . CONCLUDING REMARKS
Three-point flexural testing has been used to determine the mechanical properties for 
a range of different thermal aging regimes. The mechanical properties characterised 
were flexural strength, tangent modulus of elasticity and the relative toughness. 
Furthermore, the damage zones and fracture surfaces of the samples were examined 
by both optical and scanning electron microscopy as an aid to interpreting the 
mechanical testing data.
The experimental data presented for the short-term aging regime suggests that the 
material is stable up to a temperature of 1200°C for 200 hours. At temperatures above 
1200°C, microstructural changes within the material cause an embrittlement of the 
material and loss of composite behaviour. However, for some applications the 
material may be sufficiently stable for use at 1300°C for short time periods. The 
experimental data presented for the long-term aging regime suggests that the material 
is relatively stable at a temperature of 1100°C for aging periods of up to 4000 hours. 
However, the modulus of elasticity data suggest that after 4000 hours at 1100°C, there 
may be some form of change occurring with the material, but it does not have a 
significant effect on the mechanical behaviour of the material.
The data from the mechanical testing of the material does not appeal- to indicate that 
the material supports multiple matrix cracking, as the material does not show 
significant non-linearity. This evidence is supported by the observations from the 
microscope that suggest that the material does not contain multiple cracks after 
testing. The SEM observations of the fracture surfaces of the short teim thermally 
aged material suggests that this aging affects both the matrix and fibre reinforcement.
The results from this chapter will be combined with those from chapters 4 and 5 in the 
general discussion, which is presented in the following chapter.
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C h a p t e r  7  
D is c u s s io n
7 .1 . INTRODUCTION
The purpose of this chapter is to combine the microstructural observations with the 
results of the mechanical testing in order to form a clear understanding of the effect of 
thermal aging on the material. This will then allow the thermal regimes under which 
the material may be able to operate to be determined. The fust section will discuss 
the material in the as-received state in relation to the original driving force behind its 
development. The discussion will then move on to the effect of the long term thermal 
aging on the microstructure and mechanical properties of the material. Next, the 
effects of the short term thermal aging on the microstructure and mechanical 
properties of the material will be discussed. A final section summarises all of the 
microstructural observations and mechanical testing results in a (diagrammatic) form 
that allows clear guidelines for usage to be proposed.
7.2. AS-RECEIVED MATERIAL
The concept of porous matrix CMCs, as investigated by Lu (1996) and Tu et al. 
(1996) and researched further by Levi et al. (1998) and Carelli et al. (2002) is 
purported to offer a number of benefits over other types of CMCs, especially the 
avoidance of an interphase in addition to the accommodation of strong fibre/matrix 
bonding. However, in order for this type of material to perform in the desired 
manner, careful microstructural tailoring of the material is required during processing 
and manufacture. One of the criteria identified by Lu, (1996) is that the coefficient of 
thermal expansion of the fibres must be greater than that of the matrix which inhibits 
matrix cracking after processing. A comparison of the values for the N720 fibre (6 
xlO"6 K'1) and alumina ( 8 xlO'6 / K '1) from chapter 2 shows that this is not the case
148
Chapter 7: Discussion
and indicates that the material may not be able to display damage tolerance through 
the formation of ‘H’-cracks.
Initial examination of the as-received material during this investigation found that the 
material contained a large quantity of cracking and voids. It is possible that the 
cracking has arisen either during the initial drying stage once the matrix has been 
infiltrated into the fibre preform, or that the material has cracked during manufacture 
in order to relieve stresses generated during sintering and cooling, or that cracking 
during ceramographic preparation of the thin sections for observation by microscopy. 
The observation of large scale cracking suggests that the material is not meeting its 
microstructural design criterion for the formation of ‘H’ cracks. Therefore, as 
opposed to failure of the material otcurring by micro-crack coalescence, it is more 
likely to fail by the propagation of one, large crack. The toughening effect within the 
material will mainly be derived from the presence of the fibres causing crack 
deflection as well as the occurrence of fibre pullout.
Large scale voids and incomplete matrix infiltration into fibre bundles has also been 
reported in work on an N720 reinforced porous aluminosilicate matrix CMC (Antti et 
al., 2004). Other work on an N720 fibre reinforced mullite and alumina matrix CMC 
(Carelli et al., 2002) reports regular matrix cracking that was attributed to constrained 
matrix shrinkage during drying of the green panels, hi the work by Carelli et al., 
(2002) it is also reported that cracking within the as-received material is arrested at 
the interface of longitudinal fibres orientated perpendicular to the crack path and that 
cracks do not penetrate very far into the transverse tows. Levi et al. (1998) minimised 
flaw content within a CMC by applying a paste containing chopped alumina fibres to 
the cloth surface such that the fibre bundle cross-over regions were filled. This 
approach was largely successful, but limits the volume fraction of continuous 
reinforcement possible.
In this investigation, the large crack openings of the majority of cracks, as well as 
their relatively smooth edges suggests that the cracking has occurred during the initial 
consolidation stage of the green body prior to sintering. The cracking is likely to have 
arisen during the removal of solution, in which the matrix was suspended, during 
consolidation. The application of pressure during the consolidation process to form
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the green body is also a likely cause of cracking, as the material will deform. 
Furthermore, handling of the green body after consolidation may also introduce 
cracking, particularly cracks that pass through the transverse fibre bundles, as they 
will not have been ‘locked’ in place by sintering. During the processing of the 
material it is believed that incomplete matrix infiltration has led to the formation of 
voids within the matrix-rich regions of the material as well as within the fibre 
bundles. Furthermore, it was found that gas bubbles appear to become trapped within 
the material, presumably during the infiltration process.
Observations of the recorded data from the flexural testing, in the form of load versus 
cross-head displacement curves, indicate that the material shows veiy little non­
linearity prior to the maximum load. The results also indicate that veiy little damage 
accumulation occurs in the material, which would be signified by a niunber of slight 
drops in load, prior to the maximum load being reached. However, the material does 
appeal" to show a ‘graceful failure’ characteristic. Examination of the fracture 
surfaces indicates extensive lengths of fibre pullout suggesting that the fibre/matrix 
interface within the as-received material is weakly bonded. Post flexural testing it 
was noted that the material appeared to contain one large crack, as opposed to an 
accumulation of cracking that was proposed to occur within the matrix.
It is possible that the rate of cross-head displacement in this investigation, 0.1 
mm/min, may have influenced the shape of the load displacement curve. However, 
other research on all-oxide CMC systems (Holmquist and Lange, 2003) has found a 
near linear-elastic load/displacement curve to the maximum load. Tensile testing of 
an all-oxide porous CMC also found a near linear-elastic stress-strain response to 
failure (Zwanda et al., 2003). She et al., 2002, have also found a linear elastic region, 
until the maximum flexural stress is reached, for a unidirectional reinforced porous 
matrix oxide CMC tested in flexure.
The data gathered from the investigation of the as-received material indicate that it is 
not meeting the original design criteria suggested for a damage tolerant porous matrix 
CMC. The presence of large scale cracks and voids within the material suggests that 
post manufacture, it is in a relatively stress-free state. It was found that the material is 
able to accommodate only a very small quantity of damage accumulation, and it is
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proposed that the toughness of the material is derived from the classic composite 
phenomena of crack bridging and fibre pull-out. It would also appear from the 
investigation that the presence of the manufacturing defects are not detrimental to the 
behaviour of the material in that they do not appeal- to affect the crack path during 
failure, although they may be detrimental in other ways.
7.3. THERM ALLY AGED MATERIAL
Initial attempts to characterise the material through indentation hardness 
measurements were found to produce very variable results. It is believed that the 
variations in the hardness measurements are inherent to the material and also a result 
of where the indent is positioned in the material. An important observation from the 
hardness measurements was that cracking was not observed to occur from the comer 
of the indents, as would be expected in a ceramic material. Therefore, it would appear 
that the presence of the porosity in the material, although causing a reduction in the 
strength and modulus of the material, has conferred a toughness upon the matrix. 
However, observations perhaps suggest that the indent has crushed the material, due 
to its highly porous nature. If the material has been cmshed by the indent, it implies 
that the material may also be crushed during the flexural testing.
A summary of the results from extended aging at 1100°C, in a normalised form, can 
be seen in figure 7.1a where the normalised data are plotted as a function of aging 
time. It was found that the thermal aging of samples at 1100°C for aging periods from 
200 hours up to 2000 hours appeal's to have had little effect on the microstructure and 
measured mechanical properties of the material. Microstructural observations of the 
fibre reinforcement by SEM and TEM found that the thermal aging does not appeal- to 
have had an effect on the fibre. Observations of both the matrix and fibre/matrix 
interface also suggests that there is not a change occurring within the material at an 
aging temperature of 1100°C. Furthermore, there were no discernable changes in the 
cracking, voids and porosity content of the matrix.
After an aging period of 4000 horns at 1100°C, it was observed that there was no 
change in the grain size of the matrix or fibre reinforcement and that the porosity
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content of the matrix-rich regions appeared to be the same as that in the as-received 
material. However, the EDX investigation of the fibre reinforcement conducted 
within the SEM on the material aged for 4000 hours at 1100°C appeal's to show a 
decrease in the aluminium content within the fibre. This would appear to be in 
agreement with a previous study on aluminium rich mullites by Fischer et al., (1996) 
which reported a decrease in the aluminium content of mullite after aging for 15 
minutes from a temperature of 1000°C. It was found also that there was a decrease in 
the thickness of the material when compared to the as-received material. The 
mechanical properties of the material aged for 4000 hours at 1100°C indicated that 
there was no apparent change in the strength or relative toughness of the material as a 
result of aging. However, there was a slight increase in the modulus of the material 
(by approximately 20 %). The fracture surfaces of the samples exhibited extensive 
regions of fibre pull-out.
The slight increase in the modulus of the material, coupled with the reduction in 
thickness of the material, suggests that the matrix-rich regions of the sample are 
densifying, although not to such an extent that it can be detected by image analysis. 
Furthermore, it is possible that the driving force for densification is causing the loss of 
aluminimn from the fibre to the matrix. It is anticipated that there has been little 
change in the material at the fibre/matrix interface as the toughness and strength of the 
material has remained constant. Thus, there are indications that the material is 
changing but not to such an extent that performance is compromised.
A summary of the normalised data gathered from the aging of samples at 1200°C can 
be seen in figure 7.1b. After an aging period of 200 hours there was a progressive 
decrease in flexural strength with aging time, which was accompanied by a 
corresponding decease in material toughness. It was found that the modulus of the 
material remained at a relatively constant level up to the maximum aging time of 1000 
hours. The apparent decrease in the modulus of the material after 200 hours at 
1200°C is likely to be a result of experimental scatter, since the value recovers at 
longer aging times. The constant modulus reported in this work seems to differ from 
that of Deleglise et al., (2001) who reported an increase in modulus of the fibre by 
approximately 10% after aging for 5 hours at 1200°C. It would be expected that an 
increase in modulus of the fibre would cause a corresponding increase in the modulus
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of the material. It is possible that the combination of the fibre and matrix within the 
composite has either prevented or negated the change in fibre reported by Deleglise et 
al., (2001). The measurements of sample dimensions as a result of thermal aging time 
showed that all of the samples underwent a similar decrease in both width and 
thickness, supporting the observation that there was a slight increase in material 
density after aging for 200 horns at 1200°C.
The decrease in toughness after 500 and 1000 hours at 1200°C is likely to be a result 
of stronger bonding at the fibre/matrix interface. A stronger fibre/matrix interface 
will decrease the amount of crack deflection and fibre pull-out that the material can 
sustain, leading to a lower toughness. Observations of the fracture surfaces of the 
material aged for 1000 hours at 1200°C found a similar appearance to that of material 
aged for 200 hours at 1200°C, although the lengths of fibre pull-out appeared shorter. 
The degradation in strength of the composites is significant after thermal aging at 
1200°C for 500 and 1000 hours and is believed to be a result of a degradation in fibre 
strength. If the matrix-rich regions had changed microstructurally, for example 
densified, it would be expected that there would be a change in the modulus of the 
material, however no such change is apparent.
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Figure 7.1 A graphical summary of the normalised data for samples (a) aged at 
1100°C (b) aged at 1200°C for various aging periods.
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A summary of the results of thermal aging on the properties of material aged for 200 
hours at various temperatures can be seen in figure 7.2. It can be seen that up to an 
aging temperature of 1100°C there appears to be only a small change in the properties 
of the material. Similarly, aging at 1200°C for 200 hours does not appear to have had 
a significant effect on the material. However, at an aging temperature of 1300°C and 
above the thermal aging appears to have had a marked effect on the properties of the 
material. Initial indications are that the interfacial bonding has become stronger due 
to the reduction in toughness of the material. The increase in modulus is believed to 
correlate with a decrease in the quantity of porosity within matrix-rich regions. The 
relationship between microstructural observations and properties are considered in the 
following discussion.
—  Strength Porosity — Toughness — Young’s Modulus
Aging Temperature (°C)
Figure 7.2 A graphical summary of the normalised data for samples aged at varying 
temperatures for an aging periods of 200 hours.
Microstructural observations of the material aged at 1300°C found that there was a 
reduction in the quantity of porosity in the matrix-rich regions. This seems to be in 
agreement with the reduction in the sample dimensions and an increase in the overall 
density. It was also noted that there appeared to be a small change in the 
microstructure of the fibre reinforcement. The densification of matrix-rich regions
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will have contributed to the increase in modulus of the material. It is possible that a 
change in modulus of the fibre may have also contributed to the change in modulus, 
as discussed earlier. The results of the flexure testing found that the thermal aging of 
the material at 1300°C caused a significant degradation in the flexural strength and 
toughness of the material. The fracture surfaces of samples post flexure testing 
indicate that the material appears to have undergone a degree of embrittlement.
After thermal aging of the material for 200 hours at 1400°C it was found that the 
matrix-rich regions of the material had a lower amount of porosity than the material 
aged at 1300°C, indicating that the increase in temperature has had a greater effect on 
the composite microstructure, although the change in sample dimensions were similar. 
As before, it is proposed that the increase in modulus of the material, to a level higher 
than that foimd at 1300°C, is a combined effect of the densification of matrix-rich 
regions with a change in fibre reinforcement. An increase in the modulus of the fibre, 
by 19 % after 24 hours at an aging temperature of 1400°C, has also been reported 
(Deleglise et al., 2001) and will also contribute to the change in modulus of the 
material.
An aging temperature of 1400°C was found to modify the microstructure of the fibre 
reinforcement, such that a second phase was readily observable by microscopical 
examination of the samples, as well as a greater degree of contact between the fibre 
and matrix at the interface. The fracture surfaces of the samples appeared to show no 
regions of fibre pull-out, suggesting further embrittlement of the material compared to 
an aging temperature of 1300°C, and that there is strong bonding occurring at the 
fibre/matrix interface. Initial evidence was found that the change in fibre 
microstructure is already occurring at an aging temperature of 1300°C, but only to a 
small extent. Deleglise et al., (2001) have reported a 45 % decrease in tensile strength 
of the N720 fibre after aging for 4 days at 1400°C, which would imply that the 
decrease in composite strength is a combination of a decrease in strength of the fibre 
and an embrittlement of the material.
Aging of the material at 1480°C caused a further development of the microstructure 
compared to that aged at lower temperatures. It was observed that there was a further 
decrease in the porosity content of the matrix-rich regions and a corresponding
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decrease in the sample dimensions suggesting that further densification is occurring. 
Also, the visible second phase present in the fibre reinforcement was found to have 
grown and porosity was observed within the fibre reinforcement. The second phase 
was observed to be in the form of facetted, acicular grains and it was detennined that 
this phase was aluminium rich. It is believed that a-alumina grains, initially observed 
changing in the material aged at 1300°C, have grown within the mullite of the fibre 
reinforcement. Observation of the fibre/matrix interface found that there was a 
further increase in contact compared to the material aged at 1400°C, suggesting a 
greater bonding at the interface to such an extent that after aging at 1480°C the 
material appears to display the failure characteristics typical of a monolithic ceramic. 
In previous work (Ludford et al. 2004), it was found that aging of the same material 
for 100 hours at 1500°C caused a complete loss of composite structure at the edge of 
samples such that the fibre and matrix were indistinguishable
A decrease in the modulus of the material aged at 1480°C was found to occur, but is 
believed to be a result of experimental scatter as the continuing densification of the 
matrix and stronger interfacial bonding would be expected to cause a continuing 
increase in Young’s modulus. The growth of porosity within the fibre reinforcement 
would be expected to counteract some of the effect of the increasing modulus of the 
fibre and has been reported for an aging temperature of 1400°C (Deleglise et a l, 
2001). The porosity was observed to vary in size within the fibre reinforcement, but 
appeared to reach sufficient size, ~ 10 % of fibre diameter, that it would be expected 
to be detrimental to both the modulus of the material and its flexural strength. The 
reduction in flexural strength compared to the other samples is believed to be a 
combination of a reduction in the strength of the fibre as well as an embrittlement of 
the material. It is not readily apparent at this stage why there has been a significant 
development of porosity within the fibre reinforcement.
EDX analysis of the fibre reinforcement within the material aged at 1480°C seems to 
suggest a reduction in the quantity of aluminium present with in the fibre. These 
results are in agreement with the reported change in the fibre microstructure from 
containing an alumina rich mullite (2:1) to the silica rich 3:2 form (Deleglise et al. 
2001). The loss of aluminium is believed to be from the fibre to the surrounding
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matrix. Deleglise et al., (2001) have reported a decrease in the porosity content and 
increase in the a-alumina content of the N720 fibre as the aging temperature is 
increased to 1400°C and 1500°C compared to the as-received material. In comparison 
to individual fibre filaments, the presence of a surrounding matrix may be beneficial 
to the fibres as it may reduce the effect of localised surface defects as reported by 
(Deleglise et al. 2001) for fibres aged from 1200°C. However, if the presence of the 
matrix is causing a loss of aluminium from the fibres then it would appear- to have a 
detrimental effect by causing the formation of porosity at elevated aging temperatures.
For nearly all of the aging temperatures and different time periods it was found that 
there is an increase in the sample density and a decrease in sample dimensions. The 
change in sample dimensions was always observed to be greater for thickness than it 
was for sample width. This evidence suggests that the 2-D fibre architecture is 
restricting the material densification within the plane of the cloth. However, 
perpendicular- to the cloth layer, the material is subjected to less constraint and so 
there is more freedom for the material to density in this direction. Microstructural 
observation of the samples aged at the higher temperatures, particularly 1400 and 
1480°C, would seem to support this as greater fibre/matrix debonding was observed at 
points were matrix cracks impinge on the fibre reinforcement. This would suggest 
that the matrix-rich regions are attempting to density, but are constrained by the fibres 
such that a larger amount of fibre/matrix debonding occurs. The change in material 
thickness has important implications for the use of all porous CMCs as they are being 
designed for applications were high dimensional tolerances are critical, hi a gas 
turbine application, a change in component dimensions is likely to be very 
undesirable and so the change in dimension must be considered during the design 
steps.
The larger amount of fibre/matrix debonding will create a larger effective flaw size 
within the material, which as the material densities further, may cause a 
corresponding decrease in strength. A reduction in the amount of fibre matrix 
debonding could also be significant for the chemical change occurring in the fibre 
reinforcement. The results of this investigation seem to indicate that the alumina 
matrix either acts as a ‘sink’ for the excess aluminium in the fibre as it is rejected
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from the transformation of mullite from the metastable 2:1 form to the orthorhombic 
3:2 form or conversely, it may be encouraging the diffusion of aluminium from the 
mullite, such that the mullite transforms.
7.4 . THERMAL AGING MICROSTRUCTURE I FLEXURE  
DATA RELATIONSHIP
Figure 7.3 is a diagrammatic representation of the results obtained during this 
investigation. The normalised mechanical data of samples aged for 200 hours at 
varying temperatures is plotted on the left hand y-axis as a fimction of aging 
temperature. Overlaid on top of the mechanical testing data are coloured regions that 
describe the microstructural observations as a fimction of all of the aging time and 
temperatures displayed on the right hand y-axis.
The green region labelled SAFE in figure 7.3 represents the aging time/temperature 
zone that the material is believed to be capable of operating in without any significant 
variation in microstructure or mechanical properties. The region labelled ‘1’ 
represents the changes that were observed in modulus of the material and aluminium 
content of the fibre reinforcement that was aged at 1100°C for 4000 hours suggesting 
that for extended lifetime, caution should be exercised in selecting the material.
The region labelled ‘material may be fit for purpose’ indicates that for extended 
aging, over 200 hours, at 1200°C, the material may be suitable, if the loss of strength 
is tolerable. The region labelled ‘strength degradation of composite + matrix 
densification’ has been determined from the observations of microstructural changes 
in the porosity content of the matrix in combination with the degradation in composite 
strength.
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7.5 . CONCLUDING REMARKS
Consideration of the co-efficient of thermal expansion of the constituents in the 
material investigated, i.e. the N720 fibre reinforcement and alumina matrix, has found 
that the material does not fulfil the design criteria originally proposed for a damage 
tolerant material with ‘strong’ interfaces. Furthermore, the processing induced 
cracking and voids will have also contributed towards the creation of a material in a 
‘stress-free’ state. Whilst the particular system investigated might exhibit desirable 
properties, this has not been achieved by specific microstructural tailoring.
The microstructural investigation of the samples aged at all temperatures in the SEM 
and TEM has shown that the material is densifying in a preferred direction due to the 
constraints imposed on it by the fibre reinforcement. Furthermore, chemical analyses 
of the fibre reinforcements within the composite indicates that after aging for 4000 
horns at 1100°C there is a change occurring characterised by a loss of aluminium. 
This change in the fibre reinforcement, in conjunction with a slight increase in the 
density of the material is believed to have had an effect on the modulus of the 
material.
Extended aging of the material at 1200°C was found to cause a reduction in flexural 
strength of the material, believed to be a result in the degradation of the strength of 
the fibre reinforcement.
The short term aging of samples was also found to cause a chemical change in the 
microstructure of the fibre reinforcement, although it is more apparent than for the 
material aged at 1100°C for extended time periods. The physical change in the fibre 
microstructure was in the form of growth of acicular grains of alumina as the alumina 
rich mullite transformed to a silica rich form. The change in fibre microstructure was 
accompanied by an increasing densification of tire matrix-rich regions with increasing 
temperature. The densification occurred in a preferred direction resulting in a greater 
reduction in material thickness compared to width believed to be due to the 
constr aints of the fibre architecture in other directions.
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The change in microstructure of the material after an aging period of 200 hours has a 
significant effect on the mechanical properties of the material for aging temperatures 
of 1300°C and above. The material densities which, in conjunction with a change in 
the fibre, causes an increase in the modulus of the material. The occurrence of 
porosity within the fibres was observed after aging at 1480°C and may be a factor 
which reduces the rate of increase in modulus at this temperature. Above an aging 
temperature of 1300°C, there is a degradation in the flexural strength of the material, 
with a corresponding increasing brittle behaviour of the material dining failure. This 
evidence appears to show that there is an increase in the bonding at the fibre/matrix 
interface.
The result of the microstructural investigation and mechanical testing has been 
combined in diagrammatic form to give an overview of the different results from this 
investigation in an attempt to produce a clear understanding of the material, ft would 
appeal- that use of this material should not exceed 4000 hours at 1100°C or 200 hours 
at 1200°C. It is also important to note that these thermal aging experiments were 
conducted in air, and that other environments may lead to significant deviations from 
these predictions.
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C h a p t e r  8  
C o n c l u d in g  R e m a r k s
8.1 . INTRODUCTION
This chapter will detail the conclusions reached from the investigation of the effect of 
varying thermal aging treatments on a Nextel 720 fibre reinforced porous alumina 
ceramic matrix composite. It will also indicate possible avenues for future work.
8.2. CONCLUSIONS
The aim of the investigation was to gain an understanding of the microstructural and 
mechanical property changes occurring within the material during extended aging and 
this has been achieved.
Significant difficulty was found during the preparation of samples for investigation in 
the TEM due to the inherent characteristics of the materials. The variability in the 
material also prevented the use of PEELS as well as hardness measurements as 
suitable characterisation tools. However, it was possible to characterise the material 
by SEM, TEM and three-point flexural testing. Finally, restrictions on material 
supply meant that it was only possible to produce two samples for each specific aging 
regime; however, the close agreement between the data points and the correlation 
between microstructural obseivations and mechanical testing results indicates that the 
trends identified in this investigation are valid.
The as-received material was found to contain multiple cracking and voids which 
imply that the material is in a relatively stress-free state after manufacture. It would 
appear that the material is not able to accommodate multiple cracking and fracture by 
crack coalescence; instead it fails by the propagation of one, major crack. The
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toughness of the material is a result of fibre-pullout and crack bridging. Thus it is not 
behaving in the envisaged way, for a strong interface, porous matrix CMC.
After extended aging of the material at 1100°C for up to 2000 horns, no evidence of a 
change in the microstructure or mechanical properties of the material was found. 
Further aging at 1100°C for up to 4000 hours was found to cause an increase in the 
modulus of the material and a decrease in the aluminium content of the fibre. The 
change in the aluminium content of the fibre may indicate that there is an interaction 
occurring between it and the matrix. The change in the properties of the material 
could be a result of either a slight densification of the matrix-rich regions or a change 
in the micro structure of the fibre reinforcement. There is tentative evidence to 
suggest that both are occurring.
Aging at 1200°C for 200 horns was found only to cause a slight reduction in the 
thickness of the material; otherwise it appears to have remained unchanged after 
thermal aging. However, aging of the material for 500 and 1000 hours at 1200°C was 
found to cause a significant reduction in the flexural strength of the material, although 
the Young’s modulus remained constant.
After thermal aging of the material at 1300°C for 200 horns it was found that there 
was a significant decrease in the flexural strength of the material accompanied by an 
increase in modulus. Furthermore, a densification of the matrix was observed, as was 
a decrease in the quantity of fibre pullout. The results suggest that the material is 
unstable at temperatures of 1300°C and above.
The material aged at 1400°C for 200 hours appeal's to behave in a similar manner to 
that of a monolithic ceramic material. The material was found to have an increased 
modulus and decreased strength, toughness, and porosity content. There is a stronger 
fibre/matrix bond as well as a change in the microstructure of the fibres and matrix. 
The growth of the alumina grains within the fibre and a change from aluminium rich 
to silicon rich mullite was observed.
The material aged at 1480°C for 200 hours was found to have a reduced modulus 
compared to that of the material aged at 1400°C, which is believed to be a result of the
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growth of porosity within the fibre. The material exhibited low strength and 
toughness as well as a ‘brittle’ fracture mechanism.
A preference for the material to density through a reduction in material thickness was 
found that has significance in terms of the suitability of the material for use in certain 
‘high tolerance’ applications, e.g. gas turbines.
It would appear that the material is suitable for applications at 1100°C and for short 
periods, up to 200 hours, at 1200°C. Longer periods of use at 1200°C may be 
acceptable if the loss in strength can be tolerated. An aging temperature of 1300°C 
and above appears to cause significant degradation of the composite material such that 
it does not appear suitable for use at these temperatures.
8.3. FURTHER WORK
Although this investigation has allowed a number of conclusions to be reached about 
the microstructural and mechanical behaviour of the material, it is important to 
consider that the material fails to meet the design criteria for this class of material. 
Therefore, it may be more appropriate that this type of investigation should be 
focussed on other material combinations where the design criteria are fulfilled, for 
example matrices containing additions of Z1O2. However, the complicated nature of 
woven fibre reinforcements means that predicting the material properties to meet the 
design criteria is complicated. Furthermore, the investigations should be targeted for 
specific service environment, i.e. is the application time critical (power systems) or 
temperature critical (jet engines).
Further work suggested from this investigation is that a clearer understanding of the 
chemical changes occurring in the fibre reinforcement and matrix as a function of 
aging at 1100°C is required in order to understand what may happen in the material 
after aging period of up to 10000 hours. The driving force for the loss of aluminium 
from the fibres needs to be identified unambiguously. The role of the interface in the 
behaviour of the material also needs to be identified.
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Ail investigation into the extended aging of the material at temperatures in a range 
between 1100°C and 1200°C is required in order to determine an exact temperature at 
which the material is stable for extended aging, i.e. will the material be suitable for 
applications at 1150°C for 2000 hours or more. The same techniques used in this 
investigation would appear to be appropriate for the majority of characterisation. 
Similarly, further aging experiments should be conducted for short term aging 
regimes between 1200°C and 1300°C in order to determine accurately the range of 
temperatures for which the material may be considered suitable.
A characterisation of the interface of the material after aging at 1100°C and 1200°C 
by interface specific tests, e.g. fibre push-out tests, would allow a clearer 
understanding of whether there is greater bonding between the fibre and matrix. This 
information is significant for determining the suitability of the material for many of its 
proposed applications.
A greater number of samples need to be subjected to the differing thermal aging 
regimes so that the effects of possible experimental scatter can be removed from the 
results and discussion. Furthermore, other processing routes for producing the 
material, e.g. colloidal processing, should be explored in an attempt to improve the as- 
processed material.
Finally, it is important that the material is investigated under conditions of thermal 
cycling as well as in a number of different atmospheres in an attempt to simulate the 
possible effects of likely service environments. Of particular interest would be the 
effect of impurities (e.g. sodium) on the fibres, possibly by ingress through the 
cracking present within the material, as this is known to be detrimental to their 
performance.
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